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Abstract
A methodology has been developed for preconcentrating mercury in natural waters using
ion exchangers and determining its concentration by instrumental neutron activation anal-
ysis (INAA). The natural concentration of mercury in rain, rivers, and lakes is extremely
low, from 1 to 100 ng/L. Concurrently, during transfer and storage of liquid samples in the
field and laboratory, both loss of mercury and contamination are major concerns. By
applying the methodology developed in this thesis, mercury can not only be preconcen-
trated so that it can be measured by INAA accurately, but is also strongly bound to a solid
media which is less prone to contamination or sample loss.
The blank level of mercury in the ion exchanger medium is the limiting factor for this pro-
cess to be feasible. The blank level has been determined by INAA to be 46.1 ± 4.6 ppb,
which is low enough to be considered as the matrix of choice. The efficiency of the resin
under various conditions has been determined by comparing the specific radioactivity
measurement of a solution of activated HgCl2 to that of a column containing ion exchange
resin after the tracer solution has passed through it. Experiments were performed at differ-
ent pH and flow rates to establish the optimum conditions for collection. Capture effi-
ciency was found to be constant between pH values of 2.5 and 11; collection efficiency is
found to be constant at flow rates from 1.5 to 13 cc/min. Also, the ion exchange method
was also compared with other preconcentration materials including iodated charcoal,
gold-coated ferrite, and silver-coated ferrite to evaluate these materials' ability to collect
dissolved mercury. Gold and silver-coated ferrite, but not charcoal, are as efficient in col-
lection of dissolved mercury as ion exchange resin. Finally, samples of Cambridge rain
water, Charles River water, and Cambridge tap water are analyzed using the complete col-
lection methodology to show that the resin is able to collect a quantifiable amount of mer-
cury from these waters.
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Nuclear Engineering
Thesis Reader: Michael J. Driscoll
Title: Professor Emeritus, Nuclear Engineering Department
Acknowledgments
My thesis supervisor Dr. Ilhan Olmez deserves more thanks than I could possibly offer for
helping me through this thesis and for teaching me the intricacies and significance of my
research. This thesis would not exist without the assistance of Michael Ames, who guided
me from start to finish by helping me set up equipments, by giving numerous advice, and
by proofreading this thesis. I also want to thank Professor Michael J. Driscoll for being
my thesis reader.
Many in the Environmental Research and Radiochemistry group have assisted me on
my thesis quest, and I wish to extend my sincerest gratitude to them as well. Jianmei Che
taught me how to prepare and analyze resin blanks samples and did spectral peak fittings
for me. Frank Pink provided the gold and silver-coated surfaces. Jack Jec-Kong Gone
instructed me on how to use the HPGe detector system. I would also like to thank Amory
Wakefield.
I immensely appreciate the friendship and guidance of Karyn Green, Susan Hsieh, and
Thomas Trimbur through my college years, especially since they all have thesis experi-
ence that I have drawn upon. As a fellow nuclear engineering student, Karyn shared
invaluable ideas with me through countless times we tackled problems together. Susan
lent a willing hand whenever there were problems. Tom had been extremely supportive
and kind through the time I did my thesis work.
The care, understanding, and love from my parents, Shinn-Tian and Yung-Shen, have
truly enabled me to succeed at school as well as in life. My sister Chi-May listened to
endless hours of my joys and complaints when I was working on my thesis. My sister
Grace's encouragement is never-ending. Thus, I gratefully dedicate this thesis to my fam-
ily.
Table of Contents
A bstract......... ...................................................................................... ...... 2
A cknow ledgem ents ......................................................................... ......................... 3
T able of C ontents ................................................ ....................................................... 4
L ist of F igures................................................... .................................................. 6........
L ist of T ables ......................................................................... ..................................... 8
C hapter 1 Introduction........................................... ................................................... 9
1.1 O verview ................................................ ....................................................... 9
1.2 Mercury in the Environment......................................... .................... 10
1.2.1 Mercury in Natural Waters ..................................... ... ...... 12
1.2.2 Mercury Health Hazards ......................................... ............. 15
1.3 Measurement Techniques ..................................... ............... 19
1.4 Preconcentration Techniques .................................................. 20
1.4.1 E vaporation ............................................................................. .......... 21
1.4.2 Freeze Drying......................................... ..... ............ 22
1.4.3 D ry A shing ..................................................................... ................... 23
1.4.4 Co-precipitation .................................................... ......... .......... 24
1.4.5 Solvent Extraction.............................................. ..................... 24
1.4.6 Ion Exchanger ......................................................... 25
Chapter 2 Instrument and Sample Preparations ..................................... ..... 28
2.1 Instrumental Neutron Activation Analysis (INAA).........................................28
2.1.1 B asic T heory ................................................................... .................. 29
2.1.2 D etectors ................................................ ........................................... 32
2.1.3 Components in Gamma Spectroscopy System ................................... 43
2.2 M ercury Tracer ...................................................................... ..................... 48
2.3 Ion E xchange R esin ......................................................................................... 5 1
2.3.1 Preparation of Resin............................................................................ 51
2.3.2 R esin B lanks ................................................................... .................. 58
C hapter 3 pH Factor ......................................................................... ...................... 65
3.1 Introduction ...................................................................................................... 65
3.2 Setup Procedure .............................................................. 65
3.3 R esults.......................................................................................69
3.3.1 Spectrums.........................................................69
3.3.1 Data and Calculations ................................................... 72
3.4 Problems Encountered ..................................................... ................... 84
3.4.1 Sam ple Handling............................. .......... ................. 84
3.4.2 Statistical Errors and Interference.....................................84
3.4.3 Spectrum Shifts ........................................................ ......... .......... 85
3.4.4 Changes in Flow Rate ................................................... 86
Chapter 4 Flow Rate Factor..........................................................................................88
4.1 Introduction ................................................... ............................................. 88
4.2 Setup Procedure ............................................................................................... 89
4.3 R esults..............................................................................................................90
4.4 Problems Encountered ........................................................ 92
Chapter 5 Different Preconcentration Methods............................................................96
5.1 Introduction ................................................... ............................................. 96
5.2 Setup Procedure .............................................................. 97
5.3 Results ........................................ 101
5.4 Problems Encountered ..................................... 104
Chapter 6 Sample Analysis ......................................................... 105
6.1 Introduction and Setup ..................................... 105
6.1.1 R ain W ater ........................................................................................... 105
6.1.2 River W ater............................................ ........................................ 108
6.1.3 Tap Water ....................................................................................... 110
6.2 Result ........................................ 111
6.3 Discussion ........................................ 114
Chapter 7 Conclusion and Summary ................................. 115
R eferences .................................................................................................................... 119
Appendix A List of Equipments ..................................... 124
A .1 Electronics...................................................................................................... 124
A.2 Materials for Sampling ....................................................... 125
A.3 Standards and Solutions ..................................... 129
Appendix B Computer Printouts from HPGe Detector ..................................... 132
B.1 Resin Blanks for Selected Elements ....................................... ...... 132
B.2 Sample Measurements for Selected Elements for Cambridge Waters ........137
Appendix C Raw Data of Dissolved Mercury Samples .............................................. 140
C.1 At Various pH's ........................................ 140
C.2 At Various Flowrates ............................................................................... 172
C.3 By Different Preconcentration Methods ..................................... 187
Appendix D Compiled Data of Dissolved Mercury Samples ................................... 194
D.1 At Various pH's ........................................ 194
D.2 At Various Flow Rates ....................................................... 215
D.3 By Different Preconcentration Methods ..................................... ..... 223
List of Figures
Figure 1.1: Generalized Geochemistry Cycle of Mercury .............................................. 11
Figure 1.2: Hypothetical Model of Conversion of Mercury in the Aquatic
Environm ent .......................................................... ........... . ......... 13
Figure 1.3: Cycle of Mercury Interconversions in Nature ........................................... 14
Figure 1.4: Generalized Food Chain From the Hydrosphere to the Biosphere ..............17
Figure 1.5: Calculated Relationship Between Methyl Mercury Intake and Levels of
M ethyl M ercury in Brain Tissue ............................... . .. .... .. .... .. . .. ... 18
Figure 2.1: General scheme of INAA ......................................... ................................. 31
Figure 2.2: Basic Elements of Photomultiplier Tube................................. ..... 33
Figure 2.3: Diagram of HPGe Detector in Vertical Position ..................................... 35
Figure 2.4: Mercury Tracer Spectrum on NaI Detector..................................37
Figure 2.5: Mercury Tracer Spectrum on HPGe Detector............................. .... 37
Figure 2.6: Integral and Area Counts.............................. ...... .................. 38
Figure 2.7: Box Holding the Resin During Measurement ..............................................38
Figure 2.8: Influence of Detector Geometry .......................................... 39
Figure 2.9: Sample Arrangement on HPGe Detector ............................................... 40
Figure 2.10: Photograph of NaI Detector with Sample ...............................................40
Figure 2.11: NaI Detector with Sample Holder Surrounded by Lead Bricks ..............41
Figure 2.12: Photograph of HPGe Detector Surrounded by Lead Bricks and in
Dewar .................................................................. 42
Figure 2.13: Generic Spectroscopic System ....................................... ....... 43
Figure 2.14: Block Diagram of MCA and NaI Detector Connection ..........................44
Figure 2.15: Back of MCA and the Connections to NaI Detector............................ 45
Figure 2.16: Function Block Diagram of a Typical MCA............................................46
Figure 2.17: Controls on Front of Canberra Series 20 MCA..........................................46
Figure 2.18: Photograph of MCA and NaI Detector..................................................47
Figure 2.19: Photograph of the Computer System for HPGe Detector .......................48
Figure 2.20: Containment of Mercury Tracer for Irradiation .........................................49
Figure 2.21: Rabbit That Contains the Samples for Irradiation...........................49
Figure 2.22: Photograph of Rabbit System at MITR-II.............................................50
Figure 2.23: Mercury Tracer Solution in Volumetric Flask ..................................... 51
Figure 2.24: Making Polyethylene Stoppers..........................................52
Figure 2.25: Resin in Teflon Tube ................................................................................. 53
Figure 2.26: Photograph of Gram-atic Balance ........................................................... 54
Figure 2.27: Washing Resin with Ammonium Hydroxide by Funnel Method...............54
Figure 2.28: Washing Resin in Solution in Tube Method ...........................................56
Figure 2.29: Setup to Rinse Resin With De-ionized Water ...................................... 57
Figure 2.30: Quartz to Contain Mercury Standard to Prevent Escape of Gaseous
M ercury .................... . . ...... . . .... . ............. .............................. 59
Figure 2.31: Diagram of Run Description File for First Resin Blank Runs ................60
Figure 2.32: Diagram of Run Description File for Second Resin Blank Runs...........61
Figure 2.33: Average Resin Blanks for Selected Elements .............................. 64
Figure 3.1: Setup of pH Meter, Its Probe, and Sample .............................................67
Figure 3.2: Photograph of pH Meter with Sample and Titration Solutions ................ 67
Figure 3.3: Setup of Resin Collecting Mercury by Using a Vacuum Pump ................ 68
Figure 3.4: Photograph of Resin Collecting Mercury by Using a Vacuum Pump ......... 68
Figure 3.5: pH Sample #38 Spectrums .......................................... ....... 70
Figure 3.6: pH Sample #38 Spectrums Corrected for Decay Time ............................. 70
Figure 3.7: pH Sample #60 Comparing Bottom Resin and Background....................71
Figure 3.8: Background Count With Mercury's Regions of Interest...........................71
Figure 3.9: Resin Efficiency vs. pH at 77 keV ....................................... ..... 80
Figure 3.10: Resin Efficiency vs. pH at 279 keV .......................................... 80
Figure 3.11: Resin Efficiency vs. pH at 77 keV Omitting Spurious Data ................... 83
Figure 3.12: Resin Efficiency vs. pH at 279 keV Omitting Spurious Data ................. 83
Figure 3.13: Sample of Spectrum of Shift on MCA From Bottom Resin Counts..........86
Figure 3.14: Effect of Nitric Acid on Resin................................................................. 87
Figure 3.15: Flow Rate vs. pH ................................................................... ............... 87
Figure 4.1: Resin Efficiency vs. Flow Rate at 77 keV................................. .... 94
Figure 4.2: Resin Efficiency vs. Flow Rate at 279 keV................................. ...94
Figure 5.1: Charcoal in Teflon Tube ............................................................................... 98
Figure 5.2: Gold Surface or Silver Surface Ferrite in Teflon Tube ............................. 99
Figure 5.3: Different Preconcentration Method's Efficiency ................................... 103
Figure 6.1: Rain Water Collection Method on the Roof of NW13 ............................. 106
Figure 6.2: Photograph of Rain Water Collection Method................................107
Figure 6.3: Plastic Covering Over Funnel When It Is Not Raining.......................... 108
Figure 6.4: Nylon Filter and Filter Holder for River Water Analysis ...................... 109
Figure 6.5: Setup of Resin Collecting River Water Elements Through a Filter........... 109
Figure 6.6: Photograph of Resin Collecting Mercury From Charles River Water ....... 110
Figure 6.7: Concentration of Mercury in Cambridge Water Samples ...................... 113
Figure 7.1: Resin Efficiency vs. pH.................................. 117
Figure 7.2: Resin Efficiency vs. Flow Rate .................................... 117
Figure 7.3: Efficiency vs. Different Preconcentration Method............................... 118
List of Tables
Table 1.1: Mercury Concentration in Natural Waters ................................................... 14
Table 1.2: Biological Magnification of Mercury in the Aquatic Food Chain ............ 16
Table 1.3: Detection Limits of Various Analytical methods ..................................... 20
Table 1.4: Selectivity for Divalent Cations...........................................27
Table 2.1: Resin Blank Values From First Trial................................... ...... 61
Table 2.2: Resin Blank Values From Second Trial ...................................... .... 62
Table 2.3: Average Resin Blank Values for Selected Elements .................................... 63
Table 3.1: Background Count Rates for Mercury Peaks ....................................... 72
Table 3.2: Top Resin Efficiencies for pH Run ............................................. 81
Table 3.3: Bottom Resin Efficiencies for pH Run ..................................................... 82
Table 4.1: Top Resin Efficiencies for Flow Rate Run................................... .... 92
Table 4.2: Bottom Resin Efficiencies for Flow Rate Run ...................................... 93
Table 5.1: Approximate Vacuum Level Setting To Maintain 5 cc/min Flow Rate..........99
Table 5.2: Top Material Efficiencies for Preconcentration Run....................................102
Table 5.3: Bottom Material Efficiencies for Preconcentration Run.............................. 102
Table 6.1: Concentration Parameters of Cambridge Waters............................... 112
Table 6. 2: Collection Efficiency Parameters of Cambridge Waters............................. 112
Chapter 1
Introduction
Although mercury is a familiar element to most people, the health hazard from high intake
of mercury may be deadly. Mercury may be in one of numerous chemical and physical
forms in the environment with methyl mercury being the most toxic compound because of
its bioaccumulation in aquatic organisms consumed by people. Experimental studies have
shown that fish directly accumulate methyl mercury from surrounding water and that con-
centration differences of several orders exist between mercury levels in water and mercury
content in fish (Ref. 17). Thus, by determining the trace of levels of mercury in natural
water, the health hazard of mercury to humans from specific water sources may be deter-
mined. However, reliable measurements of mercury in liquid samples on scales of nano-
grams of mercury per liter of sample are prone to contamination and analytical difficulties.
The goal of this thesis is to develop a methodology for preconcentrating mercury in
natural waters using ion exchangers and determining its concentration by instrumental
neutron activation analysis (INAA). Ion exchange resin is one method of a vast number of
preconcentration techniques, just as INAA is one form of mercury measurement. Yet, the
combination of the two holds promises of a reliable, reproducible, and relatively simple
method to determine trace levels of mercury in natural waters.
1.1 Overview
This thesis consists of seven chapters and three appendices. The introduction in chapter
one presents the background for the purpose of this thesis, namely, the hazardous effect of
mercury in natural waters. Measurement and preconcentration techniques are also dis-
cussed. Chapter two details the preparations involved from making the mercury tracer to
determining resin blank values to measuring samples. The influences of pH and flow rate
on collection efficiency are analyzed in chapters three and four, respectively. Chapter five
compares the collection efficiency of ion exchange resins to other preconcentration meth-
ods. Chapter six provides analyses of several natural water samples from Cambridge,
Massachusetts. Chapter seven concludes and summarizes the thesis as well as offers fur-
ther laboratory studies and usage of results in field studies. Appendix A lists the equip-
ment used in this thesis. Appendix B allows quick references to data from the high purity
germanium (HPGe) detector, which include resin blanks and Cambridge water samples.
Appendix C lists the data from the sodium iodide (Nal) detector that contain pH factor,
flow rate factor, and different preconcentration methods. Finally, Appendix D tables the
raw data from Appendix C to calculate the efficiencies for all factors.
1.2 Mercury in the Environment
Mercury is a heavy, silver-white metal that is liquid at room temperature. Although mer-
cury occurs free in nature, almost all commercial use is from the ore cinnabar, HgS (Ref.
3). The temperature and barometric pressure of the environment as well as mercury's
vapor pressure determine its vaporization and condensation pattern, just like other liquids.
Like other metallic elements, mercury reacts with various organic and inorganic com-
pounds to form many different molecules of its own. The biological effect of the metal
varies according to the nature of the chemical compound and ultimately, to the quantity of
mercury compound administered.
The emission of mercury into the environment from both natural and anthropogenic
sources with direct pathways to humans has been a health concern since the discovery of
mercury poisoning. An estimate of mercury content in the earth's crust is about 50 to 80
parts per billion (ppb) (Ref. 59). This natural mercury source can enter the geochemical
cycle by chemically transforming into solubles or mercury compounds, by transforming
into volatilized organic mercury compounds, and by transporting as a metallic vapor form.
Figure 1.1 is a generalized geochemical cycle of mercury. Industrial releases of mercury
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Figure 1.1: Generalized Geochemistry Cycle of Mercury (Ref. 27)
into the atmosphere and surface water have been identified as major cause of mercury
from human activities, and the total release rate has increased over the past century. Esti-
mates of natural mercury emission rate are on the order of 2700 to 6000 tons/year,
whereas those for man-made emissions are approximately 630 to 2000 tons/year (Ref. 32).
This ratio suggests that natural emission is larger than ones cause by people, but the loca-
tion of man-made sources can be critically important to the local region. Also, because
trace levels of mercury exists in all organisms, it is the unnatural increases created by
humans, especially near large sources, that lead to the major increased risk of mercury
health hazard.
Dangerous health effects to humans from mercury in the environment can occur when
pathways link the emission from the source to the human biosphere. Mercury and its com-
pounds may be absorbed by ingestion, by inhalation, or by absorption through the skin.
Possible routes of exposure are through the atmosphere, the hydrosphere, and the food
chain, with consumption of aquatic organisms containing biomagnified amounts of mer-
cury being the most critical pathway. The mercury disaster in Minamata, Japan focused
the hazards of high mercury levels in humans that resulted from consuming fish and shell-
fish with high concentrations of mercury.
1.2.1 Mercury in Natural Waters
The mercury content of natural water depends on several factors. The accessibility of
mercury, time of contact, and conditions of the solubilizing media greatly affect the mer-
cury concentration in surface water whereas the mercury amount in ground water varies
considerably depending on its proximity to mercury deposits. The main mercury sources
in seawater are believed to be from weathering of rocks and wet deposition from the atmo-
sphere (Ref. 59). Particulate matters suspended in water are likely to have higher concen-
trations of mercury than the water itself because mercury sorbs readily on various earth
materials. The mean oceanic residence time, defined as the total mercury quantity present
in the ocean divided by the input or the output rate, is about 14,500 years (Ref. 57). Wet
deposition involves the absorption of atmospheric mercury into droplets followed by
droplet removal by precipitation.
Methylated forms of mercury are the most toxic forms to humans as well as more bio-
logically mobile than other chemical species of mercury. In freshwater, inorganic mercury
can be methylated by anaerobic microbes to form monomethyl mercury and dimethyl
mercury. In oxygenated waters, mercury is at equilibrium in the +2 oxidation state, which
is inorganic divalent mercury (Ref. 57). The following reactions show possible transfor-
mations:
Hg +++ 2R - CH 3 -4 CH 3HgCH 3 -+ CH 3Hg +
Hg ++ + R - CH 3 -* CH 3Hg' -- (R-CH3) --- CH 3HgCH 3
(1-1)
(1-2)
The organic and inorganic compounds of mercury emitted to the environment more than
any other form are metallic mercury or Hgo, inorganic divalent mercury or Hg++, phe-
nylmercury or C6H5Hg +, and alkylmercury or CH30CH2CH 2Hg + (Ref. 12). Figure 1.2 is
Hg ++
(C6H )2Hg
CHaO-CH 2-CH 2Hg + Hg (CH )2Hg
SH9H Hg++ 
CHg Hg
qH5Hg CHaHgSCIU
Figure 1.2: Hypothetical Model of Conversion of
Mercury in the Aquatic Environment (Ref. 12)
a hypothetical model of mercury chemical transformations in the aquatic environment,
and Figure 1.3 shows the interconversions of mercury in nature.
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Figure 1.3: Cycle of Mercury Interconversions in Nature (Ref. 27)
Analyses of surface waters indicate mercury concentrations of less than one ppb at
most sample locations. The exceptions are surface water draining areas with high natural
content and waters near industrial sources. Table 1.1 presents some trace levels of mercury
measured in natural water around the world.
Table 1.1: Mercury Concentration in Natural Waters (Ref. 33)
Description Range (ng/L)
Open ocean 0.5-3
Coastal sea water 2-15
Rivers and lakes 1-3
Rain and snow 0.6-300
Most samples used to measure mercury concentration of surface water in the United
States ranged from nondetectable levels of less than 0.1 ppb to 5 ppb (Ref. 59). Drinking
Elemental mer
as vapor, liqui(
or dissolute
water and groundwater samples have an average of 0.05 ppb with very small variations.
Most regions near natural mercury deposits still have concentrations less than one ppb, but
they have been found to vary to as high as 100 ppb. A study of industrial effluents from the
United States reported that eighty-three percent of its 500 samples was below five ppb,
twelve percent ranged from 5 to 100 ppb, and less than five percent had concentrations
greater than 100 ppb (Ref. 59). In spite of continual industrial releases of mercury into
Lake Superior and Lake Ontario, the concentrations in these Great Lakes have not been
found to be more than waters with no industrial sources.
Drinking water and surface water from regions with low natural background level
barely contribute any mercury exposure to humans. The relative exposure from natural
waters to that through food is estimated to be 1 to 20 (Ref. 59). Thus, the main purpose for
measuring mercury in natural waters is to determine the possible accumulations of methyl
mercury in edible aquatic animals.
1.2.2 Mercury Health Hazards
The adverse effect of mercury poisoning from the environment has been a growing
concern in the past few decades. All forms of mercury can be extremely dangerous, but
certain compounds are more toxic than others. Inorganic and organic forms of mercury
differ not only in pharmacological activity, but also the extent they are absorbed by the
body and degree of resulting injury. Although inorganic compounds do not pose a threat to
humans at the concentrations found in nature, the biological conversion to methyl mercury
in aquatic environment can be deadly. Thus, all forms of mercury pollution need to be
detected and measured.
The primary exposure pathway of mercury to humans is the consumption of fish and
other aquatic organisms. These animals concentrate mercury by directly uptaking contam-
inated water and by ingesting contaminated food. Methyl mercury usually constitutes
more than eighty percent of measured mercury content in fish. A fish is considered unfit
for human consumption if the fish muscle contains more than 1.0 R±g Hg per gram, and
some U.S. states post warnings against consumption in specific lakes if the level exceeds
0.5 gLg/g (Ref. 32). Various species of fish accumulate mercury differently, and the varia-
tions do not present a clear trend. However, empirical studies have roughly categorized the
fishes by their biological magnification ability of mercury. For instance, Category I con-
tains fishes that accumulate the highest quantities of mercury, such as muskellunge, pike,
bass, and walleye. Category II includes fishes, such as carp, sauger, redhorse, drum, and
bluegills, that have less mercury than Category I fishes. Category III fishes accumulate the
least mercury and include suckers and catfish (Ref. 12).
Several hypotheses attempt to correlate specific factors to the mercury concentration
in fish. One explanation is that the biomagnification of mercury in an organism is a func-
tion of its position in the trophic level. The pike, for example, are near the end of the
aquatic food chain and contain mercury levels in their muscle tissues that are 3000 times
greater than the mercury level of the water in which they were taken (Ref. 12). Table 1.2
Table 1.2: Biological Magnification of Mercury in the Aquatic Food Chain (Ref. 5)
Number of Range of Arithmetic More Numerous
Samples Values Mean Organisms
Algae eaters 39 0.01-0.18 0.05 Zooplankton; snails;
mayfly nymphs
Zooplankton 9 0.01-0.07 0.04 Insect larvae;
eaters minnows
Omnivores 9 0.14-0.16 0.45 Insect larvae and
adults; scuds
Detritus eat- 12 0.13-0.89 0.54 Worms; clams;
ers insects larvae
Predators 25 0.01-5.82 0.73 Insect larvae and
adults; frogs
shows the biological magnification of mercury in the aquatic food chain. Eventually,
humans beings at the very end of the trophic level can consume extremely high concentra-
tion of mercury. Possible routes are depicted in Figure 1.4.
MenW Man
Figure 1.4: Generalized Food Chain From the Hydrosphere to the Biosphere (Ref. 27)
The pH of the water is another suggested correlation. One theory is that low pH
enhances bacterial methylation and favors formation of monomethyl mercury, which is
more volatile than dimethyl mercury (Ref. 55). Another theory suggests acidic precipita-
tion enhances the transport of mercury from water to lake and from atmosphere to natural
waters (Ref. 55). In addition to fishes' trophic status and pH level, factors, such as nutri-
ents and organic content in the lake, are believed to be indirectly influencing the fish mer-
cury accumulation. Another explanation is that the metabolism of a specific fish influences
its mercury accumulation. Various fishes have different uptake efficiencies. For example,
rainbow trout assimilates 68 to 80 percent of mercury ingested but northern pike only
assimilate 20 percent (Ref. 55). However, the mercury assimilation decreases above cer-
tain concentrations. Water temperature and body size of fish affect their metabolic rate.
Biologically, methyl mercury has a relatively high solubility in fat and diffuses easily
through cell membranes, which leads to a practically uniform distribution in the body. In
addition, studies indicate that methyl mercury is associated with red blood cells and the
nervous system. This form of mercury accumulates in the brain and fetus because it easily
passes the blood-brain and placental barriers. Acute exposure of mercury causes severe
and often fatal results. Chronic mercury intoxication results from prolonged exposure to
excessive mercury concentrations. The symptoms are extremely variable, but they include
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Figure 1.5: Calculated Relationship Between Methyl Mercury
Intake and Levels of Methyl Mercury in Brain Tissue (Ref. 12)
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psychic disturbances as well as detrimental effects to the central nervous system, gas-
trointestinal system, genitourinary system, respiration, skin, eye, and muscles (Ref. 12).
Figure 1.5 shows the calculated relationship between intake of methyl mercury and methyl
mercury levels in brain tissue. The calculations of brain tissue levels were based on brain
distribution of fifteen percent of total body methyl mercury and continuous exposure for
one year with an excretion rate of one percent per day of total body mercury.
The poisonous effects of mercury from anthropogenic sources were documented as
early as the 1500's, but it was the Minamata incident that focused the current interest in
minimizing mercury exposure. The "Minamata Disease" is the most widely known toxic
mercury effect that results from the consumption of fishes with biologically accumulated
methyl mercury. In 1953, inhabitants of Minamata showed symptoms of a mysterious neu-
rological disease, and by 1959, the cause was proven to be methyl mercury poisoning. A
plastic factory had discharged methyl mercury into Minamata Bay as part of its wastewa-
ter effluent, and subsequently, the methyl mercury accumulated in the fish and shellfish.
The values of the bay's water averaged from 1.6 to 3.6 ppb, but the dead fish and shellfish
found contained 9 to 24 ppm mercury on wet-weight basis (Ref. 38). Because of the
potential detrimental effects of mercury in natural waters, environmental analytical tech-
niques are needed to accurately identify and measure potential sources.
1.3 Measurement Techniques
Numerous techniques exist for the measurement of mercury and for environmental pollu-
tion in general, in which all have their advantages, limitations, and usefulness. An analyti-
cal method is chosen depending on the specific application and requirements. Table 1.3
lists the detection limits for several common techniques of environmental analysis show-
ing that the sensitivity of nuclear analytical method is as good as or better than other meth-
ods.
Table 1.3: Detection Limits of Various Analytical methods (Ref. 56)
Volume of Concentration for anDetectionMethod Limit (g) Sample Analyte of M.W. 100
(mL) (mole/L)
Chemical Classical methods 10E-6 10 10E-6
Special ultramicro 10E-12 0.001 10E-8
procedures
Physical- Absorption 10E-8 1 10E-7
chemical spectrophotometry 10E-9 0.01 10E-7
Inversion polarography 10E-10 10 10E-10
Mass spectrometry 10E-12 0.01 10E-9
Gas chromatography 10E-13 0.001 10E-9
Atomic-absorption 1 OE-1 3 0.01 10E-10
spectrometry
Nuclear Substoichiometric IDA 10E-11 1 10E-10
Neutron activation 10E-13 1 10E-12
analysis
Ionization and 10E-19 1 10E-18
scintillation
Micro radiography 10E-22 1 10E-21
1.4 Preconcentration Techniques
The natural concentration of mercury in rain, rivers, and lakes is extremely low, from 1 to
100 ng/L. Concurrently, during transfer and storage of liquid samples in the field and lab-
oratory, both loss of mercury and contamination are major concerns. By using ion
exchange resins for concentration, mercury will not only be preconcentrated so that it can
be measured by instrumental neutron activation analysis (INAA) accurately, but also be
strongly bound to a solid media which is less prone to contamination or sample loss.
Ion exchangers are commonly used in analytical chemistry for chemical separation
purposes and concentration determinations. Usually, the species extracted by the resin
must then be removed to be analyzed as a liquid. In this respect, instrumental nuclear acti-
vation analysis is superior to other analytical techniques since the ion exchange resins can
be analyzed directly in solid form.
Numerous techniques are available for preconcentrating samples for analysis. Some of
the common ones for water sample include evaporation, freeze drying, dry ashing, co-pre-
cipitation, solvent extraction, and ion exchangers.
1.4.1 Evaporation
The evaporation technique for preconcentration of trace elements is fairly simple and
widely used, but only for low molecular weight nonvolatiles. The definition of evapora-
tion is "the removal of solvent as vapor from a solution or slurry," and the objective is "to
concentrate a solution" (Ref. 42). The major advantage is that evaporation does not
involve reagents or transfer between many containers. The minimal use of reagents
improves the detection limit by five to ten fold and makes it applicable to most elements,
whereas no transfer between containers minimizes contamination. The concentration fac-
tor is usually between 100 and 1000, which is very high (Ref. 56).
Nevertheless, several factors adversely affect this preconcentration method. The flaws
of evaporation for trace element analysis include high total dissolved solids, very slow
procedure, dust contamination, and particularly important in relation to mercury, it is
applicable to only non-volatile chemical species. In seawater, the total dissolved solids are
very high and evaporation would increase the solids in the solution to unacceptably high
levels. This also can result in loss of some components through precipitation, such as
CaSO 4, BaSO4 , and silica. High solid volume also causes burner clogging and both chem-
ical and physical interferences from some metal ions (Ref. 51). Thus, low dissolved solid
samples, like water, mineral acids, and organic liquids, can use evaporation for preconcen-
tration. The evaporation technique is relatively much slower than other techniques and
may require many hours for modest concentration factors. Dust contamination, from the
surrounding environment, can be prevented by covering the sample with a dust cover and
by passing dry, filtered air over the dish to carry away the vapor (Ref. 44). The best mate-
rial for the evaporation dishes are polyethylene and teflon. Volatility losses are a concern
for arsenic and antimony, and especially for mercury.
1.4.2 Freeze Drying
Freeze drying is defined as "desiccation by sublimation of vapor from the solid state in
a vessel evacuated to an absolute pressure of around one millibar" (Ref. 43). The main
purpose of this process is not only to preserve materials without injury, but also to precon-
centrate the trace elements of interest. Freeze drying can avoid the loss of a component
which would have evaporated with water at a higher temperature, and the low temperature
also prevents unwanted changes of the material being dried. The open porous structure
from the suppression of surface tension effects during freeze drying allows quick re-
absorption of water if necessary (Ref. 43).
In the freeze-drying process, the sample is prepared and frozen at a low temperature in
the prefreezing stage. In the primary drying step, the ice crystals are formed when they
freeze under a vacuum and they undergo vigorous and then gentle heating. Next, in the
secondary drying stage, the residual moisture is desorbed when the ice disappears with
ambient temperature and high vacuum. Finally, the vacuum is ended with a dry inert gas at
a low moisture level (Ref. 37).
The advantage of freeze drying over evaporation is that is that the loss of volatile com-
ponents is minimized. However, volatile species, such as mercury, are lost, regardless. A
disadvantage of freeze drying is that only relatively small volumes of the sample can be
preconcentrated, which reduces the sensitivity.
1.4.3 Dry Ashing
Dry ashing decomposes the organic materials in a sample at high temperature in atmo-
spheric oxygen to determine the inorganic constituents, and as a result, concentrates many
trace elements of interest. Dry ashing involves evaporating the water in the sample by
placing it under a heat lamp, placing the remaining sample in a crucible, and heating it by
a flame or a muffle furnace at 500 OC so that the organic portion is burned (Ref. 44). The
organic matter is usually charred first and becomes ashes, which are the inorganic matter
of the sample. The carbon and hydrogen are oxidized to carbon dioxide or monoxide and
water. Also, the organic nitrogen becomes free nitrogen (Ref. 41). After cooling, dilute
mineral acid is added to the ash.
The advantages of dry ashing that it is relatively simple, is accommodating for large
samples, and does not require the addition of large amounts of possibly contaminating
reagents. Yet, the disadvantages can seriously limit its use. Trace elements can be lost
because they are volatilized, remain on the walls of the ashing crucible, or remain in the
acid-insoluble fraction of the ash. Adding ashing aid is a procedure to minimize the losses
through volatilization and wall retention, and these include MgO, M(N0 3)2, HNO3, or
H2SO4. In dry ashing, M(N0 3)2 decomposes to nitrogen oxides, that hasten oxidation, and
to MgO. MgO dilutes the ash and reduces the contact area between the ash and crucible
walls, which reduces the loss from wall retention. Nitric acid speeds up the decomposition
of the organics and allows the use of lower temperatures. Sulfuric acid converts chlorides
into less volatile sulfates, so that volatilization losses are reduced (Ref. 44). Dry ashing for
suitable trace elements can have concentration factor as large as fifty (Ref. 56), but it is not
recommended for mercury.
1.4.4 Co-precipitation
Co-precipitation is the distribution of a trace element between a solution and a spar-
ingly soluble precipitate, and is defined as the precipitation of a compound in conjunction
with one or more other compounds (Ref. 2). Most high molecular weight and certain low
molecular weight organic materials in water can be removed by this method (Ref. 31). Co-
precipitation removes analytes from water solution by adsorption upon a carrier precipi-
tate without exceeding the analytes' solubility, whereas, simple precipitation removes ana-
lytes from solution by adjusting solubility-determining parameters, such as pH, ionic
strength, and temperature, so that analyte is no longer soluble (Ref. 31).
The preconcentration efficiency of the precipitant, which is a form of the trace element
of interest, depends on the combination of it and the carrier. One requirement is that when
the precipitate forms, it should be readily filtered off and washed. Also, the precipitant
should not interfere in any further analysis. Another requirement is that the amount of car-
rier used for the complete co-precipitation of the trace elements should be as small as pos-
sible. Finally, the carrier of choice would make the precipitate easy to collect by filtration
or centrifugation as well easy to handle (Ref. 41). The drawbacks of co-precipitation pro-
cedures are the often lengthy and tedious techniques.
1.4.5 Solvent Extraction
Solvent extraction remains one of the most important techniques for preconcentration
and separation. Although various extraction systems exist, the main steps for all the
extraction techniques involves chemical interactions in the aqueous phase, phase distribu-
tions of extractable species, and chemical interactions in the organic phase. Basically, for
metal salts, a complexing reagent is added to the sample and the resulting metal complex
is extracted into an organic solvent. The sample to organic solvent ratio ranges from 10:1
to 20:1 (Ref. 4).
The main advantage of solvent extraction under favorable conditions is large concen-
tration factors as well as good decontamination and specificity values. Also, the tech-
niques is applicable to seawater and estuary samples and background correction is not
necessary because the background absorption is the same for the samples and standards.
However, the drawbacks are the process is time-consuming, the blank can be high and
variable, and the extraction efficiency maybe low due to other matrix constituents (Ref. 4).
1.4.6 Ion Exchanger
An ion-exchange reaction is a chemical reaction between two substances that involves
an exchange of one or more ionic components. This reaction is widely used for purifica-
tion, concentration, and ion separation. During an ion exchange process, ions, attached to
or incorporated within the molecular structure of a solid phase matrix, exchange with ions
present in a surrounding solution.
Ion exchangers can be of various materials depending on its purpose. Cation exchang-
ers are prepared by attaching sulfonic acid groups to phenol formaldehyde polymer
matrix, and remove bases. Anion exchangers are prepared by attaching amine groups to a
similar matrix, and remove free acids. Other types of ion exchangers specifically remove
certain forms from samples, but the chelating ion exchanger is the most important type in
this thesis since it targets removal of metals.
Chelating resin has a strong affinity for metals because of its chemical structure. As a
result, this resin is ideal for capturing trace levels of mercury from water samples. The
functional groups of this type of resin are amines and carboxylates (Ref. 51) Liquid-liquid
extraction transfers a chemical compound from one liquid phase to a second liquid phase
by removal of certain elements. Chelates are explained by Minczewski as:
Chelates are complexes of a metal ion with a multidentate ligand which
occupies two or more coordination sites, and in which rings are formed.
The ring may contain two electrovalent bonds, or one covalent and one
electrovalent, or two covalent bonds with the metal. Inner complexes are
chelate compounds in which the number of ligands is such that the charge
on the central ion of the complex is exactly neutralized by the charges of
the multidentate ligands. A stable ring is often formed when the ligand
contains a charged group, which can form an electrovalent bond with the
metal, and also an electron-donating group which can form a covalent bond
with the metal. Also, the two groups must be positioned in the ligand mole-
cule so that the ring formed can contain not less than four and not more
than seven or eight members. The most stable are five-membered rings.
Bio-rad Laboratories, the makers of Chelex 100 resin, have sized, purified, and converted
the resin specifically for accurate, reproducible analytical techniques. The resins are sty-
rene divinylbenzene copolymers containing pair iminodiacetate ions which act as chelat-
ing groups for binding polyvalent metal ions. The carboxylic acid nature class chelex
chelating resin with the weakly acidic cation exchange resins, but it differs from ordinary
exchangers because of its high selectivity for metal ions and its much higher bond
strength. Chelex chelating ion exchange resin has a extremely high preference for heavy
metals such as copper and iron over monovalent cations such as sodium and potassium.
Table 2.1 lists the selectivity, in which the attraction for divalent over monovalent ions is
about 5000 to 1. Selectivity is defined as the ion with the higher selectivity coefficient dis-
places the ion with the lower selectivity. The resin also has a unusually strong affinity for
transition metals
Table 1.4: Selectivity for
Element
Hg+2
CU +
2
UO+2
Ni+2
Pb+2
Zn+2
Co +2
Cd +2
Fe+2
Mn+2
Ba+2
Ca +2
Sr+2
Mg+2
Na+2
Divalent Cations (Ref. 9)
Selectivity
1060
126
5.70
4.40
3.88
1.00
0.615
0.390
0.130
0.024
0.016
0.013
0.013
0.009
0.0000001
Chelex 100 resin has numerous applications including removal of trace metal from
natural waters and concentration of mercury for analysis. The resin can remove multiva-
lent metal ions from samples without altering the concentration of nonmetallic ions. Pre-
concentration of trace metals with this type of resin has been widely studied.
Chapter 2
Instrument and Sample Preparations
Proper sample preparation is extremely important in trace level analysis. From careful
handling of samples to noise minimization to precision of measurement instrumentation,
the optimization of any factor may significantly increase the value of the data. The sam-
pling procedures in this thesis have been developed for preparation of actual field studies.
The final methodology needs to be reliable, reproducible, and non-contaminating as well
as have low detection limits for dissolved mercury.
2.1 Instrumental Neutron Activation Analysis (INAA)
INAA techniques have many advantages over other methods for determining trace levels
of elements in materials. This method determines the isotopes and their quantities present
in a sample. Nuclei of stable elements are converted into their radioactive form when irra-
diated, through neutron capture. Subsequent radioactive decay emits gamma rays at char-
acteristic energy or energies. The activity is proportional to the neutron flux and the mass
of the element present in the sample. The resulting gamma ray spectrum permits deduc-
tion of the original quantity of numerous isotopes present from one small sample. Large
numbers of samples can be measured with microprocessor-based multi-channel analyzers
and automatic peak-fitting computer programs.
The main advantages of instrumental neutron activation analysis are its high sensitiv-
ity, non-destructive nature, multi-element analysis, almost completely instrumental analy-
sis, and that it is virtually interference free. Detection limits for many elements are on the
order of picogram to nanogram, a very significant increase in sensitivity over most other
analytical techniques (Ref. 45). If the sample is in solid form, its physical characteristics
will likely be maintained. INAA also enables measurement of many elements simulta-
neously. The analyses require only minimal sample handling which reduces the possibility
of contaminating the sample, losing volatile species, or leaving behind soluble materials.
The amount of interference is small and usually there are ways to account for these inter-
ferences.
Nevertheless, INAA does have its disadvantages. The cost of the equipment and their
operation is large. The neutron source, counting equipment, and skilled operators are
expensive compared to other analytical techniques. Also, because the technique is elemen-
tal, information about chemical composition is not given. This is important in trace levels
of mercury analysis because methyl mercury is a more serious health hazard to humans
than other forms of mercury.
2.1.1 Basic Theory
The activity in disintegrations per second after irradiation is (Ref. 58)
aW( -tirre-'XtcoolA = - NAVO 1 - e e (2-1)
where a is the abundance of the target nuclide in the mixture of stable isotopes
of the element of interest,
W is the mass of element (g),
M is the atomic weight of the element of interest,
NAv is Avogradros's number,
is the neutron flux (c• s
a is the activation cross section of the target nuclide (cm 2),
In= 2 is the decay constant (s- )
1/2
T1 /2 is the half life of the radioactive product nuclide (s),
tirr is the time of irradiation (s), and
tcool is the time between irradiation and measurement (s).
The count rate measured, in counts per second is (Ref. 58)
R = 608- pA (2-2)
where E is the detector efficiency for the radiation measured,
co is the spatial angle of the detector towards the samples,
p is the fraction of the total number of disintegrations that decays with
emission of the radiation measured, and
A is the activity (cunts.
If all irradiation and measurement conditions are identical, the measured activity in the
sample can be compared to the activity of a standard of known weight to determine the
concentration of the elements of interest in the sample. Efforts are made to ensure that the
integrated neutron flux of the sample and standard as well as the geometry of the sample
and standard during both irradiation and counting are the same. If the abundance a, cross-
section a, atomic weight M, detector efficiency 8, and disintegration fraction p are equal,
then the sample and standard can be compared by (Ref. 58)
Rsf s  Rxf xRf (2-3)
Wses Wxe X
or
where Wx is the weight of the element in the sample,
Ws is the weight of the element in the standard,
Rx is the sample's count rate,
Rs is the standard's count rate,
fx is the sample's flux factor,
fs is the standard's flux factor,
tx is the time between the end of irradiation and the counting of the
sample,
ts is the time between the end of irradiation and the counting of the
standard, and
X is the decay constant.
The multi-element standards used in this thesis are NIST coal fly ash and orchard
leaves, whereas, mercury is a single-element standard. All chemical and isotopic composi-
tions are known. The standards and samples are packed in the same rabbit. Thus, any flux
variation during irradiation will not cause any systematic error. Although position inside
the container can cause variation, this has been measured previously and is negligible.
Certain steps are usually followed in INAA, and the general scheme can be illustrated
in Figure 2.1. Several factors must be examined in order to investigate the feasibility of in-
Figure 2.1: General scheme of INAA (Ref. 56)
strumental neutron activation analysis for a particular application. These factors may
include sensitivity of technique, interfering reactions, and the availability of neutron
source or measuring equipment as well as cost. In sample preparation, the sample and
standards are placed together in appropriate containers and irradiated at the same time and
flux. The materials are usually then transferred to non-irradiated counting containers to
eliminate the need for container blank correction. The activity from both the sample and
standard are then measured. They are corrected for decay, counting efficiency, or any other
possible factors, and the mass of the element in the sample is determined from correlation
to the standard (Ref. 56).
2.1.2 Detectors
Several properties inherent to gamma detectors influence the shape of the peak spec-
trum. Thus, all samples of a set should be measured with the same detector type. Numer-
ous detectors have been developed to detect radiation signals, but only two detector
categories of major importance are able to detect gamma-ray energies above several hun-
dred keV. The experiments in this thesis use both of them: sodium iodide scintillators
(NaI) and high purity germanium semiconductor (HPGe) detectors. The advantages and
drawbacks of each detector are considered prior to using that type of detector for the
experiment runs.
The trade-off between counting efficiency and energy resolution determines the choice
of detector for a particular application. The energy resolution of a spectrum reflects the
amount of fluctuation recorded from pulse to pulse at the same energy and is defined as
FWHM
R = x 100 (2-5)
Eo
where R is the energy resolution (%),
FWHM is the full width at half of the peak maximum (keV or channel),
and
Eo is the location of the peak centroid (keV or channel).
The ability to resolve two peaks depends on the detector resolution and proximity of the
peaks' energy to one another. A smaller FWHM enables the detection and measurement of
multi-element and weak-sourced samples.
The sodium iodide detector is an inorganic alkali halide scintillator that depends on the
energy states determined by the material's crystal lattice. The crystalline sodium iodide
with trace amount of thallium iodide produces a very large scintillation light when excited
by ionizing radiation. The light is converted to an electrical signal and amplified by a pho-
tomultiplier tube. The excellent light yield and its almost linear response over significant
portions of the energy range make this detector the best type for measuring the collection
efficiency of resin with mercury tracer.
Although the resolution is poor, the location of the mercury peak is known and there is
no other radioactive source in the tracer. Also, the detector's efficiency is relatively high
due to the high atomic number of iodine which results in complete absorption of large
fraction of all interactions. The photomultiplier tube within the detector converts light out-
Figure 2.2: Basic Elements of Photomultiplier Tube (Ref. 28)
put of a scintillation pulse into a much stronger corresponding electrical signal, without
adding a large amount of noise to that signal. Figure 2.2 displays the simplified structure
of a typical photomultiplier tube. The two primary components of the photomultiplier tube
are the photocathode and an electron multiplier structure. The photocathode is a photosen-
sitive layer that converts incident light photons into low-energy electrons. The electron
multiplier collects the photoelectrons and amplifies the number in a near-ideal manner, in
which 107 to 109 electrons are created for a typical scintillation pulse. The anode or output
stage of the photomultiplier tube collects the charge.
A high purity germanium detector has a semiconductor structure, in which the basic
information carriers are electron-hole pairs created along the path taken by the gamma
rays through the detector. The statistical fluctuations in the counting are dramatically less
than for sodium iodide detectors because the number of information carriers for a given
incident radiation event is larger than any other type of detector. Thus, the extremely good
resolution allows simultaneous analyses of many trace elements in environmental sam-
ples. This detector is the best one for determining resin blank values of mercury as well as
measuring subsequent water samples for mercury.
The photopeak efficiency of HPGe, however, is much smaller than scintillation detec-
tors because germanium has a lower atomic number and the detector's size is smaller.
Superior energy resolution offset this disadvantage since the good resolution not only
enables the distinction of closely spaced peaks, but also helps the detection of weak
sources of discrete energies. The peaks are narrow and tall compared to the continuum.
The detector cannot operate at room temperature. The small bandgap of 0.7 eV requires
temperatures on the order of 77 0K to reduce the leakage current and the associated noise
(Ref. 28). Figure 2.3 diagrams the components of the detector, which shows a cooling rod
extending from the detector into a dewar filled with liquid nitrogen.
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Figure 2.3: Diagram of HPGe Detector in Vertical Position (Ref. 47)
The resolution and intensity of the gamma-ray spectrums of mercury tracer as mea-
sured by the two detector types are compared in Figures 2.4 and 2.5. The spectrum in Fig-
ure 2.5, measured by the high purity germanium detector shows higher resolution peaks
than Figure 2.4, counted by the sodium iodide detector. The spectrum in Figure 2.4 shows
a relatively smaller 77 keV peak because the measurement was done much later than the
one in Figure 2.5. However, if the counting times were matched and decay corrections
were performed, the counts at the peaks by the sodium iodide detector would be greater
than those for the high purity germanium detector.
In a gamma ray spectrum, the area under a full-energy peak is the number of counts
collected for that gamma ray energy. If the peak area is divided by the count time and the
detector's efficiency, the count rate of gamma ray disintegration is obtained. If the gamma
ray spectrum contains only distinct peaks above a continuum, which is the case for the two
mercury peaks, then a simple subtraction technique can be used to eliminate the unwanted
counts. The channels just outside both sides of the peak areas are selected to represent the
average values for the background. A straight line is interpolated between the two selected
points in which all counts above the line are the peak area and all counts below are back-
ground. The integral count is the combination of peak area and background. The straight-
line subtraction technique for the mercury peaks is shown in Figure 2.6. The accuracy of
the results from the subtraction technique is dependent upon the relative areas of the back-
ground and peak area and the variations of background. If the background value under the
peak region is small and background is flat, then the results are likely to be reliable.
The position of the source relative to the detector has significant influence on measure-
ment due to the way detectors detect radiation emissions. Since the source is placed
directly in front of the sodium iodide detector, geometry of the source to detector can con-
tribute significant measurement inaccuracies. The box in Figure 2.7 contains foam that is
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Figure 2.4: Mercury Tracer Spectrum on NaI Detector
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Figure 2.5: Mercury Tracer Spectrum on HPGe Detector
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Figure 2.6: Integral and Area Counts
cut to fit a 1-mL vial or a 0.25" diameter teflon tubing. By placing the box in front of the
detector at the same position for all measurements, the geometry is similar enough for all
samples that geometry correction is not necessary.
Figure 2.7: Box Holding the Resin During Measurement
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The geometry factor can be reduced by increasing the distance between the source and
detector. The solid angle subtended by the detector at the source position is defined as
(Ref. 28)
Scos a
= 2 dA (2-6)
A r
where Q is the solid angle (steradians),
ca is the angle between the normal to the surface element and source
direction,
r is the distance between the source and a surface element, and
dA is the surface element.
For typical cases of a point source and a circular cylindrical detector, as shown in Figure
2.8, the solid angle is (Ref. 28)
0 = 27t 1- d+a (2-7)
2 +a
where d is the source-detector distance, and
a is the detector radius.
A
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Figure 2.8: Influence of Detector Geometry (Ref. 28)
As the distance between detector and source increases, the solid angle decreases, and thus,
the geometry factor lessens. For measurement on the high purity germanium detector, the
samples were all placed on an eight cm tall paper cup to reduce the solid angle, as depicted
in Figure 2.9.
Figure 2.9: Sample Arrangement on HPGe Detector
Figure 2.10: Photograph of NaI Detector with Sample
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Lead bricks surround the detectors and sample locations to reduce possible back-
ground sources. The high density and large atomic number makes lead one of the most
widely used detector shields. Figures 2.10 and 2.11 show the detector, sample, and shield-
Figure 2.11: Nal Detector with Sample Holder Surrounded by Lead Bricks
ing configuration for the sodium iodide detector, and Figure 2.12 is a photograph of the
high purity germanium detector and dewar with lead bricks surrounding the detector por-
tion. The facility at the MITR-II ER&R lab has four such detector arrangements.
Figure 2.12: Photograph of HPGe Detector Surrounded by Lead Bricks and in Dewar
Background radiation may be caused by a number of sources. The lead shielding does
not prevent detection of natural radioactivity from the detector's constituent materials nor
the immediate surrounding air nor the equipment and supports placed in the detector's
immediate vicinity. However, the bricks do reduce the radiation from the earth's surface,
walls of the laboratory, cosmic radiation, and other far away structures.
2.1.3 Components in Gamma Spectroscopy System
Reliable detectors are essential for sample measurement. The sodium iodide detector
is used when only a few gamma-ray energies are present and the prime objective is the
intensity measurement rather than an accurate energy determination. The high purity ger-
manium detector is used for detection of sources in trace levels and of samples with many
gamma-ray peaks. However, systems that process and display the signals from the detec-
tor are just as important. Figure 2.13 is a diagram of a generic spectroscopic system. The
detector connects to the multi-channel analyzer via the preamplifier and linear amplifier.
Figure 2.13: Generic Spectroscopic System (Ref. 45)
The preamplifier begins the signal processing chain from the detector. The functions of
the preamplifier include terminating the capacitance quickly to maximize the signal-to-
noise ratio and providing a high impedance for the detector to minimize loading while
having low impedance output on the other side. The preamplifier's location is usually very
close to the detector to minimize noise. The linear amplifier provides the pulse shaping
and amplitude gain. The inputs are usually tail pulses of either polarity, and the amplifier
produces an output of a shaped linear pulse with positive polarity and a span of 1 to 10 V
amplitude (Ref. 28).
An external high voltage supply is usually connected directly to the detector for its
proper operation. The voltage, also known as detector bias, is adjustable for specific detec-
tor types. Figures 2.14 and 2.15 illustrate in block and pictorial forms, respectively, the
connection from the sodium iodide detector to the high power supply attached to the
multi-channel analyzer (MCA) and the connection between the detector and MCA itself.
This multi-channel analyzer is a Canberra Series 20 Model.
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Figure 2.14: Block Diagram of MCA and Nal Detector Connection (Ref. 7)
The multi-channel analyzer's main functions are to convert analog signals to an equiv-
alent digital number with the analog-to-digital converter (ADC) and to store the output in
a computer type memory. Figure 2.16 diagrams the functional blocks of a typical MCA.
The screen can display the gamma-ray spectrum across a wide energy range. The lower-
level discriminator (LLD) and upper-level discriminator (ULD) on the multi-channel ana-
lyzer can be adjusted to exclude the noise pulses at the lower and upper end of the spec-
trum because if large enough, these pulses can significantly scale down the signals of
interest.
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Figure 2.15: Back of MCA and the Connections to Nal Detector
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Figure 2.16: Function Block Diagram of a Typical MCA (Ref. 28)
The front of the MCA connected to the sodium iodide detector is shown in Figure
2.17. The high power supply is attached to its right side, and set to 1100 V, which is the
Figure 2.17: Controls on Front of Canberra Series 20 MCA
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optimal voltage for the NaI detector. The LLD is set to 0.9% while the ULD remains at its
default value of 110%. The gain is set to its maximum of 1230. The amplifier's input is
"positive" and the shaping is "slow." The ADC gain remains at the default value of 4096.
Figure 2.18 is the photograph of the MCA and NaI detector.
Figure 2.18: Photograph of MCA and Nal Detector
The four high purity germanium detectors' output are displayed on an integrated com-
puter system developed by Canberra. The multi-channel analyzer can simultaneously con-
trol the counting of the samples and display the results of all detectors. Figure 2.19 is a
photograph of the computer system.
Figure 2.19: Photograph of the Computer System for HPGe Detector
2.2 Mercury Tracer
A mercury tracer is the mercury source used to determine the efficiency of resin collection
and to develop an adequate measurement methodology before its application to actual
field samples.
After irradiation, the concentration of mercury is determined by the activity emitted by
one of its two radioactive isotopes. Mercury emits gamma rays at two distinct energy
peaks that may be used to determine specific radioactivity of the mercury radioisotopes,
which, in turn, gives the concentration of mercury in a sample. The Hg-196 and Hg-202
isotopes capture neutron to become Hg-197 and Hg-203, respectively.
196Hg 197HgHg+n- Hg+y (2-1)
202Hg + n - 203g + Y (2-2)
Hg-197 emits a peak at 77.35 keV and has a half-life of 64.1 hours. Hg-203 emits a peak
at 279.118 keV and has a half-life of 46.5 days.
Caution is necessary in handling and preparing the tracer because of its potential
health hazard. Mercury II Chloride (HgCl2) was weighed and carefully packaged in a
small plastic bag. To ensure no leakage of mercury, especially in the gas phase, the mer-
cury package is inserted into a vial that is then heat sealed into a plastic bag as illustrated
in Figure 2.20. The tracer is placed into a polyethylene rabbit, as shown in Figure 2.21 that
Figure 2.20: Containment of Mercury Tracer for Irradiation
3 cm
9.5 cm
Figure 2.21: Rabbit That Contains the Samples for Irradiation
is sent from the MIT Nuclear Reactor Hot Lab to the MITR-II reactor for a ten minute
irradiation. Polyethylene capsules are chosen because of the extremely low level of trace
ag
impurities. However, mercury can penetrate polyethylene easily, and transfer of mercury
to the container wall can be significant (Ref. 58). Figure 2.22 is a photograph of the sys-
Figure 2.22: Photograph of Rabbit System at MITR-II
tem in the Hot Lab that sends rabbits to a beam port in the reactor and receives the rabbit
after irradiation. Since the transfer time is about eight seconds, analysis of very short half-
life radioisotopes is possible. For this thesis, quick analysis is not necessary. In the interest
of safety, a one day waiting period allows very radioactive short-lived isotopes, namely
C1-38, to decay. The two mercury isotopes used to determine their concentration have
half-lives that are significantly longer so that they will not be affected by the waiting
period.
The mercury chloride is dissolved in one liter of de-ionized water in a volumetric
flask, as shown in Figure 2.23. This solution is the mercury tracer that is used for experi-
ments done in the thesis. The concentration of mercury in the tracer is 26.5 mg of HgC12/
1000 mL of de-ionized water. Small volumes of tracer, on the order of 0.5 to 1 mL can be
pipetted from the flask for activity measurement.
liter of
i-ionized
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Figure 2.23: Mercury Tracer Solution in Volumetric Flask
2.3 Ion Exchange Resin
2.3.1 Preparation of Resin
Careful preparation of resins for environment field application is crucial in order to avoid
sample loss or contamination and to maximize collection efficiency. The resin container
should not be a source of contamination, and it must contain the resin securely. The resin
needs to be washed with ammonium hydroxide to minimize the sodium present. Sodium
becomes very activated when irradiated and creates enormous background in the gamma
spectrum. The resin is also rinsed with acid to elute metals that may be present in the resin.
The containers used to hold the resin throughout the experiment are Teflon® tubes
plugged with polyethylene stoppers. Teflon, also known as polytetrafluoroethylene, is
ideal for holding the ion exchange resin because it will not contaminate the samples or
extract mercury from them. Teflon can be used in field application because it retains its
physical properties over a wide range of temperatures. Polyethylene is a synthetic polymer
that does not absorb materials it contacts and is stiff enough to prevent leakage of resin.
A long teflon tubing with an outside diameter of 1/4 inch is cut into sections 5 to 6 cm
in length. These teflon sections are sealed at one end with a hot iron, and a hole of 3/32
inch in diameter is drilled through the sealed end. The stopper that is inserted into the
teflon tube is cut from a 0.4 cm thick porous polyethylene sheet as displayed in Figure
2.24. A circular cutting blade 0.65 cm in diameter creates polyethylene disks that are
Figure 2.24: Making Polyethylene Stoppers
placed both above and below the resin in the tube as depicted in Figure 2.25. The amount
of dried resin in the tube is constant throughout all experiments. The resin is weighed to be
50 + 0.8 mg with the extremely sensitive Gram-atic balance, as shown in the Figure 2.26.
The ion exchange resin in the tube is washed with 2.0 molar (M) ammonium hydrox-
ide (NH40H) and 2.5 M nitric acid (HNO3) before it is used to collect mercury samples.
The resin is washed by two different methods for the experimentation done in this thesis.
The first and quicker one is the funnel method by which the resin in sodium form is con-
Inflow
Figure 2.25: Resin in Teflon Tube
verted to ammonium form. The tube method was used only to compare the resin blank
with that of the funnel method.
The funnel method involves mixing ammonium hydroxide with Chelex 100 resin in a
funnel as illustrated in the Figure 2.27. A filter paper is folded into a cone shape and
placed in a funnel, which is put into a beaker. The filter paper is wetted with de-ionized
water to keep the paper flat when the resin in poured in. The funnel is filled to the top with
2.0 M ammonium hydroxide solution. After all the solution drains through into the beaker,
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Figure 2.26: Photograph of Gram-atic Balance
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Figure 2.27: Washing Resin with Ammonium Hydroxide by Funnel Method
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the funnel is again filled to the top with 2.0 M ammonium hydroxide. This is repeated for
a total of five times.
After the resin is air dried in a hood, it is weighed on a balance. The tube with bottom
polyethylene stopper is first weighed. The dried ion exchange resin is added and volume is
adjusted until the total weight of tube and resin is 50 mg more than the tube weight alone.
De-ionized water is added to the upright tube containing the resin, and the resin noticeably
swells. The top polyethylene stopper is inserted in the tube to prevent loss of resin. The
resin should be kept wet until time of usage. Thus, to reduce the evaporation rate of de-
ionized water, caps cover the top and bottom ends of the tube.
All of the resins used in this thesis are washed by the funnel method unless otherwise
indicated. From the resin blank analysis described in Section 2.3.3, this method is found
not to be the optimal way to wash the resin. Too much sodium remains in the resin after
implementing this method. The ion exchange time between the resin and ammonium
hydroxide should be increased to ensure successful conversion of resin from sodium to
ammonium form.
Since the funnel method failed to remove all the sodium from the resin, another proce-
dure is needed. One method that has proven to succeed in a past analysis is the tube
method that is described by Gokmen:
About 400-mg samples of dry Chelex-100 were weighed, 10 mL water was
added and the slurry was transferred into plastic columns. In order to start a
regular flow, I had to move the column up and down. After the water level
dropped to the top of the resin, three 5-mL portions of 2.5 M [HNO3] were
added to column to elute trace elements present in the resin. Then it was
washed with two 5-mL portions of water to remove excess acid and con-
verted to the NH4+ form by addition of two 5-mL portions of 2.0 M
NH40H. After the last few drops were checked for basicity, the residual
NH40H was removed with two 5-mL portions of water.
Due to different sample size and difficulty with draining from the tube, several adjust-
ments were made in Gokmen's process.
Mixing resin in a plastic column enables the creation of large batches of washed resin.
However, the variability of washing the resin this way must first be tested. If ten resin
samples in individual tubes are washed separately and the blank values are very similar,
then one can wash the resins in batch knowing that they do not vary much from one batch
of resin to another washed the same way. However, if the blank values among the ten
tubes do vary significantly, then the maximum variability from one batch of resin to
another is determined. Since the resin is actually washed in the tube that will be used to
collect samples, transfer is minimized. The batch washing of resin may be used if the vari-
ability among the resin blank values is small. Because the resin will not be transferred
after washing, the resin is weighed beforehand. Like the funnel method, the resin is left in
a hood to air dry and the weight difference measured by a balance between tube and tube
with resin is the resin weight.
Another reason for deviation from Gokmen's procedural description is the very long
period of time required for liquid solutions to drip out of the small tubes used in this work.
If the tube is filled to the top with de-ionized water, the drip out time would be hours if not
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Figure 2.28: Washing Resin in Solution in Tube Method
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days. Thus, the tube is laid on its side, as depicted in Figure 2.28, so the resin is spread out
more to allow more mixing between the resin and liquid solutions. The inner diameter is
small enough so that the surface tension of the solution is enough to keep the resin and
solution inside the tube even in a sideways position. To enhance the mixing more, the tube
is occasionally rotated. A period of one hour was deemed a reasonable amount of time to
allow adequate mixing. The tube is then held upright and is connected to a vacuum pump
via a silicon tube. The solution in the tube is sucked out very quickly.
The quantity of certain solutions is adjusted from Gokmen's values according to the
resin volume. The tube containing 50 mg of Chelex 100 resin is first filled almost to the
top with de-ionized water. The resin is carefully spread along the length of the resin tube
by turning the tube upsidedown and sideways, and the tube is then placed on its side. After
one hour, a vacuum pump sucks out all the de-ionized water from the bottom hole in the
tube. The polyethylene stopper prevents the escape of any resin. After the initial de-ion-
ized water wash, nitric acid is mixed with resin three times. Two portions of de-ionized
water are added next to wash away any remaining nitric acid in the tube. Then two por-
Figure 2.29: Setup to Rinse Resin With De-ionized Water
tions of ammonium hydroxide were added. Two portions of de-ionized water are added
again, but this time to wash away residual ammonium hydroxide. In addition to allowing
the resin and de-ionized water to lay sideways for an hour two times, the tube is connected
to a vacuum pump on the bottom end and de-ionized water source on the top end, as
shown in Figure 2.29. The pump is turned on for about five seconds, and this allows a
more thorough rinsing of the resin before use.
2.3.2 Resin Blanks
A limiting factor for ion exchange analysis of trace level of any element is the back-
ground of the element of interest in the ion exchanger itself. Thus, the background or
blank values must be determined. If the blank of a trace element is within the same range
as or greater than the sample's concentration, then ways to reduce the blank values or
alternative preconcentration materials must be sought.
Basically, to find the resin blank, a certain amount of resin was irradiated and then
measured. In this thesis, two resin blank trials of ten resin samples each have been done.
The main difference between the two trials is that the first resin blank trial consisted of
resins washed by the funnel method whereas the second resin blank trial consisted of res-
ins washed by the tube method. Both trials consisted of ten resins each and used mercury
standards of known concentration to determine the resin's mercury concentration.
For the first trial, ten resins in teflon tubes were air dried in a clean hood for several
days after they were washed by the funnel method. To prevent accidental contamination
from handling the samples, face mask, powder free latex gloves, and lab coat were worn at
all times. The resins were transferred their tubes to a small plastic vial. A cap was heat
sealed onto the vial to prevent the escape of mercury gas when the mercury was irradiated.
Each vial was then placed in individual plastic bags, and the bags were heat sealed again
to reduce the risk of contamination. These bags were put into a rabbit. In addition to the
resin blank samples, four orchard leave standards, four fly ash standards, and two mercury
standards were included in the rabbit.
In order to prevent the mercury standards from contaminating the samples during irra-
diation, extra packaging is required. This is how all the resin standards were done. The
mercury standards were first placed into individual small plastic bags and the bags were
heat sealed. Two bags were inserted into one hollow quartz tube sealed at one end and the
other two bags were inserted into another quartz tube. The open ends of the quartz cap-
sules were then heat sealed with a torch, as depicted in Figure 2.30.
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Figure 2.30: Quartz to Contain Mercury Standard to Prevent Escape of Gaseous Mercury
The concentration of mercury in the resin blank samples was determined by a compar-
ative method in which the concentrations of mercury in the standards are known. The rel-
ative activity between the two determines the mercury concentration in the sample. The
rabbit was irradiated in MITR-II for six hours, and was very hot upon its exit from the
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reactor to the hot lab due to the sodium content. Six days were allowed for cooling. When
transferring the resin blank samples from the vials to a small plastic bag, it was realized
that the resins had not completely dried. After much difficulty with the transfer into ten
individual bags, the bags were heat sealed and each plastic bag was placed into another
small plastic bag. All bags were heat sealed and put into a lead pig. To determine the
weight of the resin samples, the plastic bags containing the resin blank samples were
weighed before transfer of resin sample and after samples were sealed in. The difference is
the weight of the resin blank samples. Four high purity germanium detectors measure the
activity of thesis blanks to determine their concentration. The run description file in Figure
2.31 illustrates the computer setup of the first resin blank trial. The file name is RESIN-
BLANK, and detectors one through four (Dl to D4) measured the activity of the samples.
RESINBLANK
I I I I
D1 D2 D3 D4
HG96023_1 HG96023_2 HG96023_3 HG96023_4
HG96024_1 HG96024_2 HG96024_3 HG96024_4
FA 961 FA 962 FA 963 FA 964
OL 961 OL 962 OL 963 OL 964
RESIN1 RESIN2 RESIN3 RESIN4
RESIN5 RESIN6 RESIN7 RESIN8
RESIN9 RESINO1
Figure 2.31: Diagram of Run Description File for First Resin Blank Runs
For the second trial, ten resins were washed by the tube method. First five resin blanks
were air-dried in a clean hood for one week, and the other five were dried in a convection
oven set to 500C for about six hours. Unlike the first trial, all resin samples were com-
pletely dried before they were packaged for irradiation.
All the resin blank samples and the standards were put into a rabbit for a six-hour irra-
diation. After six days were allowed for the resin samples to cool, all samples were trans-
ferred into clean plastic bags for measurement as in the first trial. The run description file
in Figure 2.32 shows the computer setup of the second resin blank trial.
RESINBLK296
D3
FA002 3
HG96039_3
HG96040_3
BLANK9
BLANK10O
RAINAIR
RAINOVEN
D4
FA002 4
HG96039_4
HG96040_4
RAINTUBE
RIVERFILTER
RIVERUNFILTER
TAP
Figure 2.32: Diagram of Run Description File for Second Resin Blank Runs
The blank values of mercury of the two trials based on the computer printouts are
listed in Tables 2.1 and 2.2 respectively. Because of the wide distribution of values, the
Table 2.1: Resin Blank Values From First Trial
Sample Name 77 keV (ppb) Error (ppb) 279 keV (ppb) Error (ppb)
RESIN1 40 20 165 3
RESIN2 300 100 300 200
RESIN3 6 10 100 50
RESIN4 6400 540 10400 700
RESIN5 20 7 20 20
RESIN6 20 40 332 6
RESIN7 10 10 67 1
RESIN8 200 100 2600 180
RESIN9 6 5 6 9
RESIN10 20 20 70 30
D1
FAOO001
HG96039_1
HG96040_
BLANK1
BLANK2
BLANK3
BLANK4
D2
FA001_2
HG96039_
HG96040_
BLANK5
BLANK6
BLANK7
BLANK8
•· 1 |
Table 2.2: Resin Blank Values From Second Trial
Sample Drying 77 keV Error 279 keV Error
Name Method (ppb) (ppb) (ppb) (ppb)
BLANK1 air 45 7 50 20
BLANK2 air 37 5 50 20
BLANK3 air 128 4 120 12
BLANK4 air 60 5 70 20
BLANKS air 25 4 20 10
BLANK6 oven 39 2 49 7
BLANK7 oven 43 4 77 15
BLANK8 oven 41 2 44 7
BLANK9 oven 97 3 74 10
BLANK10 oven 50 4 46 14
first trial did not produce useful results. The second one shows that the blank value from
air drying of ion exchange resin is 47.3 ± 5.7 ppb and from oven drying of the resin is
44.8 ± 3.5 ppb. The three middle values of the air-dried and the oven-dried resin were in
the same relative range; thus, these values were averaged. Some concentration results
show very high or very low numbers, but overall, the concentration of resin blanks do not
vary greatly. Since the concentration for the air-dried and the oven-dried resin is compara-
ble, the drying method is shown not to alter mercury content in the resin. Thus, oven dry-
ing of resin may be used to speed the drying of ion exchange resins. The average
concentration of the two methods is 46.1 ± 4.6 ppb.
Since the blank values from the first trial, in which the funnel washing method was
used, are not consistent while the blank values from the second trial that used the tube
washing method are, the conclusion is that the all resins for field studies should use the
tube washing method. However, other factors such as the resins were still wet in the first
trial, may have some influence on the concentration result variation. Nevertheless, the
sodium background for the tube method is much lower than for the funnel method and the
error percentage is much smaller. The tube method has successfully eluted trace metals
and converted the resin from sodium to ammonium form.
The resin blanks were also measured for additional elements by using the Coal Fly
Ash Standard. If the resins were to be used for collection of As, Se, or Cr, for example, in
future studies, the blank values of these elements are available. The complete list of rele-
vant elements is in Appendix B.1. Table 2.3 and Figure 3.33 shows the average concentra-
tion of the selected elements.
Table 2.3: Average Resin Blank Values for Selected Elements
Atomic Element Energy Average RESINBLANK
Number (keV) (ppb)
24 Chromium 320.0 310±45
26 Iron 1099.2 52000±5700
27 Cobalt 1332.5 120±15
30 Zinc 1115.5 21000±2800
33 Arsenic 559.5 37±6
34 Selenium 264.5 70±50
35 Bromine 554.3 1200±310
48 Cadmium 336.0 40±40
79 Gold 411.8 0.31±0.27
90 Thorium 311.9 11+2
92 Uranium 106.4 6+2
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Figure 2.33: Average Resin Blanks for Selected Elements
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Chapter 3
pH Factor
3.1 Introduction
Various factors can influence the retention of mercury by the resin, and one possible factor
is pH. The Chelex 100 Manual states that the chelating resin can operate in basic, neutral,
and weakly acidic solutions of pH 4 or higher and that at very low pH, the resin acts as an
anion exchanger. Chelex resin is designed to be stable over the entire pH range and func-
tionally active from pH 2 to 14 (Ref. 9). The experiment in this chapter tests the collection
efficiency of mercury in the resin over this pH range. A study by Milley and Chatt claims
that at pH 5.0, almost all elements studied, which included aluminum, barium, calcium,
copper, magnesium, manganese, and vanadium, retained better than 92 percent. At pH 6.0,
the efficiency decreased pronouncely for aluminum and vanadium, decreased slightly for
barium, calcium, and copper, remained constant for magnesium, and increased slightly for
manganese (Ref. 40). They did not test the effect of pH on mercury. The raw data of the
pH samples are in Appendix C. 1, and these values are analyzed in this chapter to find the
effect of pH on resin collection efficiency of dissolved mercury.
3.2 Setup Procedure
A procedure was established for determining the collection efficiency of ion exchange
resin as a function of pH, and this methodology was followed systematically for all sam-
ples to minimize the influence of factors not related to the pH.
Each sample consisted of one-liter de-ionized water titrated by nitric acid and ammo-
nium hydroxide in a beaker to a specific pH that ranged from 2.5 to 11. De-ionized water
diluted the acid and base solutions to prevent extreme fluctuations in pH level during titra-
tion. An Omega pH meter measured the pH values during titration, as shown in Figures
3.1 and 3.2. The titrated solution was then transferred into a one-liter flask. All pH mea-
surements were obtained at most one hour before mixing with the mercury tracer because
the pH of a solution may not be constant over time.
Mercury tracer, as described in Section 2.2, was pipetted from the tracer's volumetric
flask into a l-mL vial, and the cap of the vial was closed. The volume of the mercury
tracer used was from 0.5 mL to 0.75 mL. The tests were done as quickly as possible so
that the 77 keV peak produced counts significantly above background and statistical error
was minimized. To reduce the possibility of mercury contamination of the detector, the
vial was enclosed in a small plastic ziplock bag. The sodium iodide detector counted the
tracer's activity for one hour, and the multi-channel analyzer displayed the gamma spec-
trum. The vial was opened and mixed in a flask with one liter of de-ionized water that had
been titrated to the desired pH.
Silicon tube was used to connect all components. The resin remained in the desired
slurry state when the resin tubes' cap were removed. The tracer and de-ionized water solu-
tion were connected by a silicon tubing to two resin tubes in series and then into a bottle
that is the sink for the solution. A vacuum pump connected to the other side of the bottle
pulled the solution through the two resins, as depicted in Figures 3.3 and 3.4. To maintain
a flow rate of 5 cc/min, the vacuum level on the pump meter is set to 15 inches of mercury.
Thus, the collection of mercury by the resins required about three hours for completion.
The top and bottom resins' specific radioactivities were measured by the same sodium
iodide detector and multi-channel analyzer as the tracer. Counting time for the bottom
resin was reduced from 3600 seconds to 1800 seconds when no radioactivity was detected
in all samples. The counts per second from both resins were compared to the mercury
tracer measured in the vial. Decay corrections were performed for the tracer at 77 keV and
Figure 3.1: Setup of pH Meter, Its Probe, and Sample
Figure 3.2: Photograph of pH Meter with Sample and Titration Solutions
Silicon Tubes
Figure 3.3: Setup of Resin Collecting Mercury by Using a Vacuum Pump
Figure 3.4: Photograph of Resin Collecting Mercury by Using a Vacuum Pump
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279 keV peaks for both the top and bottom resins. A total of 64 samples were measured by
this method at pH levels that ranged from 2.5 to 11. Collection efficiencies of the resin at
various pH values is reported in Section 3.3 along with the data and calculations.
3.3 Results
Accurate analyses of the gamma ray spectrums and the counts under energy-specific peaks
are essential for determining the effect of pH on collection efficiency. The spectrum and
data analyses are given in Sections 3.3.1 and 3.3.2.
3.3.1 Spectrums
The spectrums from 0 to 800 keV for pH sample #38 for mercury tracer, top resin, and
bottom resin are shown in Figure 3.5. Figure 3.6 illustrates the spectrums, after adjusting
for decay of the 77 keV peak, that compare the collection of mercury by the top and bot-
tom resins. A background spectrum is the gamma spectrum with only natural background.
Comparison of the bottom resin spectrum and background spectrum shows that they are
practically indistinguishable, as drawn in Figure 3.7. Thus, one can assume there is no
breakthrough in the top resin.
Two regions of interest are selected on the gamma ray spectrum for mercury that cor-
respond to the 77 and 279 keV gamma energies. The net background count for a specified
region of interest consists of net counts above the end channels of the region if a straight
line was interpolated. The 77 keV peak has net counts due to background radiation, as
depicted in Figure 3.8. Net background counts were determined at these two regions and
subtracted from the final results. Table 3.1 shows that only the 77 keV requires back-
ground subtraction from the peak region. The net background count rate at the 77 keV
region of interest is 8.11 counts per second and at 279 keV is 0 counts per second. The
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Figure 3.5: pH Sample #38 Spectrums
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Figure 3.6: pH Sample #38 Spectrums Corrected for Decay Time
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Figure 3.8: Background Count With Mercury's Regions of Interest
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Table 3.1: Background Count Rates for Mercury Peaks
77 keV 279 keV
Integral (counts) 2,674,389 999,815
Net Area (counts) 515,049 0
Times (s) 63,500 63500
Left of Region (keV) 67.386 251.71
Right of Region (keV) 122.18 315.50
Count Rate (area/s) 8.11 0.00
Standard Dev. (count/s) 0.11 0.08
standard deviation at 77 keV from Equations 3-7 to 3-11, is 0.11 count per second, and at
279 keV is 0.08 count per second.
3.3.2 Data and Calculations
The starting pH, for sample #1, was the pH of de-ionized water. The test pH was grad-
ually increased in increments of about 0.1 at first followed by increments of 0.5 up to a
final alkaline pH of 11. Small amounts of very diluted ammonium hydroxide adjust the
pH. Then the pH of de-ionized water was decreased by the same magnitude by adding
small amounts of very dilute nitric acid. The last nine pH samples cover the general pH
range of rain water.
Appendix C. 1 lists the pH, start time, elapsed time, integral counts, area counts, count-
ing time, region of interests, and count rate for all samples. The pH is the average pH
value measured on the pH meter. The start time is of the day, hour, and minute that the
counting began for the sample on the sodium iodide detector. The elapsed time is the
amount of time between the start time of the mercury tracer count and the start time of the
top or bottom resin count. The integral and area counts are calculated by the multi-channel
analyzer with a straight line interpolation to subtract out the background for the peak area.
At each peak region, the area count is used to determine the count rate, which is the mea-
sured area count divided by the counting time. Initially, all counting times were for one
hour or 3600 seconds. In the interest of time, the counting time for the bottom resin was
reduced to 1800 seconds at about one-third of the way through the pH experiments
because all the counts were zero regardless of length of counting time. The only affect on
the result is an increase in uncertainty. The regions of interest are specified in terms of
energies.
These raw data from Appendix C. 1 are tabulated in Appendix D. 1, in which the tables
determine the collection efficiency of resins of different pH values. The tables not only
give the counts recorded for the area and integral, but also lists the mercury tracer, top
resin, and bottom resin peak area count rates at various pH values at the 77 and 279 keV
peaks. The sample measurement must be corrected by subtracting the appropriate back-
ground count. If the counting time is equal, then
u = x-y (3-1)
where u is the net counts,
x is the total counts, and
y is the background counts.
Background value is 8.111 counts per second for the 77 keV peak, and there is no back-
ground value for the 279 keV peak. These count rates have not been corrected for decay,
which can be done by including the elapsed time in the radioactive decay law. The mer-
cury tracer count rate at the time that the top or bottom resin is counted can be calculated
by the fundamental law of radioactive decay:
N = Noe-?t (3-2)
where No is the tracer count rate,
X is the decay constant, and
t is the elapse time.
The decay constant is defined as
In 2 (3-3)
1/2
where T1/ 2 is the half life.
The top resin collection efficiency at 77 keV is determined by
top R(3-4)
Rtracer
where Rtop is top or resin count rate, and
Rtracer is the corrected tracer count rate from Equation 3-2.
The bottom resin collection efficiency is calculated by the same method, just replacing the
top count rate with the bottom count rate.
Because radioactive decay is a random process, measurements based on nuclear decay
contain unavoidable statistical uncertainties. The fluctuations can be a major source of
analysis error. Thus, counting procedures attempt to decrease the uncertainties, and statis-
tical models quantify them. The variations have been consistent with several models
depending on the method of radiation measurement. The Gaussian or normal distribution
applies for cases when the average number of counts is relatively high. The Gaussian dis-
tribution is defined as (Ref. 28)
(x -) 2
1 2xP (x) = e (3-5)
where X is the mean value of the distribution, and
x is a single measurement.
The predicted standard deviation or variance is
a = J_ (3-6)
Therefore, the expected variance of number of counts measured is simply the square root
of the count.
However, this does not apply to propagation of errors when the number of interest
requires addition, multiplication, or other functional manipulation. In addition, the errors
associated with choosing the end channels of the region of interest affect the standard
deviation. The variance in the net count is
S= 2 + 2 = + = "  (3-7)
where a u is the variance of the net count,
a x is the variance of the total counts,
fYy is the variance of the background counts,
x is the total counts,
y is the background counts, and
u is the next counts.
The standard deviation in area count GA is given by (Ref. 6)
OA p )2 (B 1 + B2 ) (3-8)
where P is the total counts in region of interest,
B1 is the left endpoint channel count for a region of interest,
B2 is the right endpoint channel count for a region of interest, and
n is the number of channels between B and B2.
The average net background count, BA, is
B1 +B 2  P-ABA 2 -- (3-9)
where B1 is the left endpoint channel count,
B2 is the right endpoint channel count,
P is the total counts,
A is the area count, and
n is the number of channels between B1 and B2.
Thus, Equation 3-8 becomes,
GA = (2BA) = P+ (3-10)
The standard deviation of rate values involves division by a constant, such as, the
time, or multiplication by a constant, such as, exponential decay factor. The uncertainties
become
a = u (3-11)t
where Gr is the variance of the count rate,
ou is the variance of the net count, and
t is the counting time.
Oe = oud (3-12)
where Ge is the variance of the value adjusted for exponential decay,
oa is the previous variance, and
d is the exponential decay factor.
The determination of error in collection efficiency involves division of counts. The gen-
eral equation is
( 2 = (g 2 (z2J 2  (3-13)
where N 1 is the count from one source,
GN is the variance associated with N1,
N2 is the count from another source,
GN2 is the variance associated with N2,N1
E is the activity ratio = -, andN 2
ac is the variance associated with
From Equation 3-9,
GN 2 G N 2
S= E +N 2  (3-14)F, ýN ýg
The exact calculations for pH sample #30 demonstrate the mathematical steps. The
mercury tracer area count at the 77 keV peak is 258,574 for counting time of 3600 sec-
onds. In this region of interest, the total count is 474,987, the left endpoint channel is 48,
and the right endpoint channel is 92. The number of channels in this region is
92- 48 = 44 channels
The number of channels in region of interest for the 77 keV peak is 44 and for the 279 keV
peak is 59 for all measurements in this thesis. The average net background count per chan-
nel is
BA = 4749874- 258574 = 4918 count
44 channel
The standard deviation in area count is
2(44) (4918)
A = 47498 = 2288
The count rate is
Rtracer - 258574 cts 7 1 83 cts
3600 s s
The error propagation for the count rate from statistical fluctuations of radioactive decay is
2288 cts 0 64 cts
r 3600 s s
With correction for the background peak at 77 keV, the net count rate becomes
cts cts ctsNo tracer = 71.83 cts 8.11- = 63.72c
cts cts cts
or = 0.64 + 0. 11 = 0.75
s s s
By the same calculation and after adjusting for background, the top and bottom resin net
count rates, Ntop and Nbottom, at 77 keV peak are 49.26 ± 0.70 and 1.47 + 0.76 count per
second, respectively. The top resin has an elapsed time of 4 hours 38 minutes, which is
converted to days by
T4 hrhn(hr day 0.193mday
Telapse = 4hr +38 min = hr+ (38 min) m = 0.93 day
The elapse time for the bottom resin is 7 hours 26 minutes or 0.310 days. Since the 77 keV
has a half-life of 64.1 hours, the decay constant is
In2 -1 -1S64.1 hr =0.01083 hr - = 0.2596 day-
The tracer count rate adjusted for top resin decay is
Ntracer = 63.72 ts e 0.2596 day- l x0.193 day) = 60.60 cts
tracers s
e = 0.7 5~e 0o.2596 day-I xO.193 day) = 0.71cts
e s s
By the same calculation, the tracer count rate adjusted for bottom resin decay is
58.79 ± 0.69 counts per second. The resulting top and bottom resin collection efficiencies
are
top - 49.26 = 0.81 = 81%
op 60.60
= 0.81 ( 0.70 )2 + ( 0.71 = 1.5x10- 2 = 1.5%E 49.26 60.60
bottom 581.47 2.5 x 10- 2 = 2.5%58.79
0 0.76 2 •069) 2 -2
= 0.025 7)+ =) 1.4x10 - 2 = 1.4%
Many of the bottom resin efficiencies are practically zero, especially the one at the 279
keV peak, which means there is no breakthrough.
Figures 3.9 and 3.10 plot the top and bottom resin efficiencies for all the pH tests at 77
and 279 keV as a function of pH.
However, about half of the data points for Figures 3.8 and 3.9 cannot be used to deter-
mine the efficiency of resin collection as a function of pH because of a variety of experi-
mental errors discussed in Section 3.4. The first sixteen samples are excluded because the
deviations can be caused by experimenter's inexperience errors with base titration. pH
samples # 33 to #40 are deleted due to experimenter's error with acid titration. Sample #7
cannot be used because of geometry error in which the resin box was discovered to be
incorrectly aligned during data collection of mercury tracer. Sample #38 cannot be used
because some of the mercury tracer sample was spilled after the mercury tracer measure-
ment. A sizeable number of samples cannot be used because the gamma ray spectrum
shifted between the mercury tracer measurement and the top resin measurement. These
samples include #12, 25, 26, 32, 33, 34, 36, 37, 42, 43, 44, 45, 52, and 58. The problem of
spectrum shift is explained further in Section 3.4.
Tables 3.2 and 3.3 list the samples whose collection efficiency is due only to pH varia-
tions. Figures 3.11, and 3.12 are the resulting graphs of resin efficiencies as a function of
pH. For the top resin efficiency, the average error is less than ten percent. The equation for
the line is given on the graph. These curves show that the pH is relatively constant over a
wide pH range.
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Figure 3.9: Resin Efficiency vs. pH at 77 keV
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Figure 3.10: Resin Efficiency vs. pH at 279 keV
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Table 3.2. Top R•in oirfe ipR-ip -fr tphU ,
Tracer Count Rate Corrected With
Top Resin Elapse
#Sample
17
18
19
20
21
22
23
24
27
28
29
30
31
41
46
47
48
49
50
51
53
54
55
56
57
59
60
61
62
63
64
Top Resin Efficiency
pH
7.03
7.02
7.26
7.40
7.60
7.76
8.00
8.24
9.01
9.53
10.07
10.49
11.05
4.63
4.05
3.78
3.77
3.59
3.68
3.42
3.04
2.55
2.83
5.45
5.76
5.96
6.51
5.29
4.87
5.00
4.54
Top Resin Elapse77
99.76
103.40
91.32
79.66
81.61
79.07
75.44
74.37
68.75
64.83
60.87
60.60
57.51
19.97
41.42
42.21
39.61
38.09
36.10
33.48
28.91
28.89
27.87
24.94
27.16
21.17
21.87
20.38
20.13
18.53
19.72
keV
±0.79
±0.78
±0.80
±0.70
±0.68
±0.71
±0.71
±-0.72
±0.70
±0.72
±0.70
±0.71
±0.70
±0.80
±0.65
±0.65
±0.64
±0.63
± 0.61
±0.65
±0.65
±0.66
+0.58
10.64
±0.62
± 0.63
±0.58
±0.61
±0.58
±0.62
±0.61
Time (cts/s)
279 keV
4.13 ±0.47
4.22 ±0.47
3.75 ±0.47
3.63 ±0.47
3.42 ±0.48
2.65 ±0.49
2.89 ±0.48
3.73 ±0.47
3.87 ±0.46
3.81 ±0.45
3.50 ±0.45
3.62 ±0.45
3.66 ±0.45
5.36 ±0.50
4.96 ±0.46
5.25 ±0.46
5.17 ±0.46
5.69 ±0.45
5.50 ±0.46
4.04 ±0.47
4.47 ±0.48
5.06 ±0.47
5.30 ±0.48
5.32 ±0.46
5.30 ±0.46
4.48 ±0.46
4.92 ±0.48
5.40 ±0.47
4.66 ±0.46
4.60 ±0.46
5.27 ±0.46
77
0.80
0.84
0.82
0.91
0.76
0.78
0.72
0.83
0.82
0.74
0.78
0.81
0.77
0.75
0.88
0.83
0.86
0.86
0.81
0.84
0.95
0.87
0.78
0.74
0.76
0.88
0.79
0.74
0.72
0.86
0.79
keV
±10.010
±10.010
±0.011
±0.012
-±0.011
±0.012
±0.012
±0.013
±0.013
±0.014
±0.015
±0.015
±0.015
±0.051
±0.021
±0.020
±0.022
±0.023
±0.023
±0.026
±0.031
±0.028
±0.028
±i0.032
±0.029
±0.040
±0.036
±0.038
±0.038
±0.044
±0.041
279 keV
0.67 ±0.12
0.73 ±0.12
0.68 ±0.14
0.56 ±0.13
0.60 ±0.14
0.79 ±0.21
0.65 ±0.18
0.55 ±0.13
0.82 ±0.14
0.71 ±0.13
0.80 ±0.15
0.85 ±0.15
0.75 ±0.14
0.60 10.10
0.91 ±0.11
0.86 ±0.10
0.82 ±0.10
0.80 ±0.09
0.64 ±0.09
0.79 ±0.13
0.97 ±0.14
0.84 ±0.11
0.84 ±0.10
0.70 ±0.09
0.78 +0.10
0.88 ±0.13
0.83 ±0.11
0.68 ±0.09
0.80 ±0.11
0.79 +0.11
0.74 +0.10
ThlP .~_* Rnttnm RPein ffdlrionriPe fr pJ RPun
Tracer Count Rate Corrected With
Sample Bottom Resin Elapse Time (cts/s) Bottom Resin Efficiency
pH 77 keV
19
20
21
22
23
24
27
28
29
30
31
41
46
47
48
49
50
51
53
54
55
56
57
59
60
61
62
63
64-
7.03
7.02
7.26
7.40
7.60
7.76
8.00
8.24
9.01
9.53
10.07
10.49
11.05
4.63
4.05
3.78
3.77
3.59
3.68
3.42
3.04
2.55
2.83
5.45
5.76
5.96
6.51
5.29
4.87
5.00
4.54
94.66
100.76
87.69
78.72
76.75
81.31
65.97
63.61
61.12
60.74
57.88
58.79
56.25
19.11
39.43
40.93
39.17
37.43
33.78
32.03
29.42
24.54
26.35
23.57
26.41
20.68
21.15
19.59
19.55
18.31
19.47
±0.75
±0.76
±0.77
±10.70
±0.64
±0.73
±10.62
±0.62
±0.62
±0.68
±0.66
± 0.69
±0.68
±0.77
±10.62
± 0.63
±0.63
± 0.62
±0.57
±0.62
±0.67
±0.56
±0.55
±0.61
±0.60
±0.62
±0.57
±0.58
±0.57
±0.61
±0.61
77
77
279 keV
4.12 ±0.47
4.22 ±0.47
3.74 ±0.47
3.63 ±0.47
3.41 ±0.47
2.66 ±0.49
2.86 ±0.48
3.70 ±0.47
3.85 ±0.46
3.79 ±0.45
3.49 ±0.45
3.61 ±0.45
3.66 ±0.45
5.35 ±0.50
4.95 ±0.46
5.24 ±0.46
5.17 ±0.46
5.69 ±0.45
5.47 ±0.45
4.03 ±0.47
4.48 ±0.48
5.01 ±0.47
5.28 ±0.47
5.30 ±0.46
5.29 ±0.46
4.47 ±0.46
4.91 ±0.48
5.38 ±0.47
4.65 ±0.46
4.60 ±0.46
5.27 ±0.46
3.OE-2
6.5E-2
6.2E-2
5.1E-2
4.9E-2
8.5E-2
-2.9E-3
4.3E-2
7.6E-2
3.OE-2
5.3E-2
2.5E-2
3.3E-2
3.8E-2
1.5E-2
4.2E-2
2.3E-2
4.6E-2
2.4E-2
5.OE-2
7.4E-2
1.2E-1
1.2E-1
1.1E-1
2.5E-2
1.8E-2
8.1E-2
5.1E-2
5.1E-2
4.4E-2
-1.1E-3
keV
S6.2E-3
± 6.0E-3
-6.8E-3
± 7.5E-3
± 7.6E-3
- 7.4E-3
I-1.2E-2
-1.2E-2
-1.3E-2
-1.3E-2
+1.3E-2
11.3E-2
I1.4E-2
± 4.4E-2
-1.9E-2
-1.9E-2
± 2.OE-2
-1.5E-2
+2.2E-2
-2.4E-2
_2.6E-2
+ 3.2E-2
± 3.OE-2
± 3.3E-2
± 3.OE-2
± 3.7E-2
± 3.7E-2
S3.9E-2
S3.9E-2
± 4.2E-2
_ -3.9E-2
279 keV
O.OE+O _O.OE+O
O.OE+O _O.OE+O
O.OE+O -O.OE+O
O.OE+O _O.OE+O
O.OE+O -O.OE+O
O.OE+O +O.OE+O
O.OE+O -O.OE+O
O.OE+O _O.OE+O
4.2E-3 -6.1E-2
O.OE+O -O.OE+O
O.OE+O -O.OE+O
O.OE+O -O.OE+O
O.OE+O _O.OE+O
O.OE+O -O.OE+O
O.OE+O -O.OE+O
O.OE+O -O.OE+O
O.OE+O -O.OE+O
O.OE+O -O.OE+O
O.OE+O -O.OE+O
O.OE+O -O.OE+O
O.OE+O -O.OE+O
1.1E-1 -2.1E-1
1.2E-1 -1.8E-1
O.OE+O +O.OE+O
O.OE+O _O.OE+O
O.OE+O _O.OE+O
O.OE+O _O.OE+O
O.OE+O -O.OE+O
O.OE+O -O.OE+O
O.OE+O 1O.OE+O
O.OE+O _O.OE+O
I I
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pH
Figure 3.11: Resin Efficiency vs. pH at 77 keV Omitting Spurious Data
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Figure 3.12: Resin Efficiency vs. pH at 279 keV Omitting Spurious Data
83
1
0.8-
0.6-
0.4-
0.2-
I I I I
0 0 
-
y = 0.85583 + -0.0075409x R= 0.32475
- - - - y = 0.060926 + -0.0023271x R= 0.19697
- Top Resin
. ............................. ... - --.....................- Bottom Resin --------
oo
.
.8. oc- o 
--- 
----
0 R 
_2
1
0.8
0.6-
0.4-
0.2-
-S
• *
.................................. ......... 4W-.......-- -- --- --- -- ....................... ..... ................................... .................................
= 0.83427 + -0.012969 R= 0.30309
- - - y = 0.0 1,7 626 + -0.0022012x R= 0.35163
S-................................. ............ T op Resin
--e-Bottom Resin
00
-. ...... - -..--..... u-=-c o * e e.-
I I
. . , I .
I ' I ' ' '
3.4 Problems Encountered
Although attempts were made to maintain all factors of the experiment not directly related
to the pH, certain variations were not preventable.
3.4.1 Sample Handling
Procedural inconsistency caused by inexperience are usually an unavoidable problem
but one that decreases with time. By ignoring the first few samples' data, the steps for the
remaining samples are more consistent.
Another possible, but systematic, sample handling error is that not all the mercury
tracer passed through the resin, which would result in less than one 100 percent collection
efficiency by the resin. The procedure calls for measurement of the tracer activity and
pouring the tracer into a flask with one liter of pH-titrated de-ionized water. However,
after the vacuum pump is turned on, not all the contents in the flask goes through the res-
ins and into the sink. A very small amount of activity may still resin in the flask. The error
from this type of error can decrease if the volume of the de-ionized water increased. How-
ever, increasing the volume will increase the pumping time and the time of the overall
experiment, which has its associated errors.
3.4.2 Statistical Errors and Interference
Statistical errors were not significant since the recorded counts are very high, about
500,000 counts above background at the 77 keV peak. However, because Hg-197 has a
64.1 hour half-life, the area count decreased significantly over the course of two weeks,
and the associated statistical error increased. Unless another mercury tracer is irradiated,
the time span of the experiments should be minimized.
With mercury as the sole irradiated element, interference from other peaks is non-exis-
tent. However, when applying the methodology to field studies, interference and high
background can significantly distort the concentration level. The 77.4 keV mercury peak
is preferentially used to determine the amount of mercury from field studies because the
279.2 keV peak may have interference from the Se-75 279.5 keV peak.
The background at the 279 keV peak is small compared to that at 77 keV. In the data
from this experiment, there is a background peak in the region of interest for the 77 keV
peak. Although the background value is subtracted from the calculations, this occurrence
increases the statistical uncertainty of the results. Also, at the 279 keV peak, the back-
ground subtraction between the energies to determine the area count in the region of inter-
est uses a straight line interpolation although the background count in this region actually
is concave upward. As a result, the measurement assumes too large a background for the
279 keV region. However, this is very systematic and the relative error is small compare to
other uncertainties. The tracer and resin counts are high enough above area peak that this
potential source of error is noted, but not evaluated. Figure 3.8 illustrated the regions
affected by the background counts.
3.4.3 Spectrum Shifts
Spectrum shift and broadening of peaks on the multi-channel analyzer invalidated
many data for the pH samples. These problems can be caused by any drifts that occur
along the signal chain during the course of the measurement or between two measure-
ments that require direct comparison of activities in the specified regions of interest. Fac-
tors, such as changes in temperature of the detector or associated electronics, gradual
changes in voltage levels, or variations of the gain of the various active elements in the
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Figure 3.13: Sample of Spectrum of Shift on MCA From Bottom Resin Counts
signal chains, can lead to drifts (Ref. 28). Figure 3.13 shows the shifting and broadening
of bottom resin spectrums on the multi-channel analyzer over time. Despite efforts to min-
imize temperature and other environmental changes, the spectra taken many hours apart
suffered, and as result, most of these data were not used. In this thesis, spectrum shift
errors were rejected only if they were significant shifts or broadening.
3.4.4 Changes in Flow Rate
The flow rate is directly related to the pH at pH below 3.5. In this acidic region, the
physical form of the Chelex 100 resin changed, as illustrated in Figure 3.14. The volume
of resin slurry decreased dramatically, and the flow rate increased significantly as a result.
When de-ionized water was then passed through the resin, the volume returned to its orig-
inal size before contact with nitric acid.
Figure 3.14: Effect of Nitric Acid on Resin
Appendix D.1 lists the flow rate as a function of pH, and Figure 3.15 shows that the
flow rate increases dramatically at pH less than 3.5.
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Figure 3.15: Flow Rate vs. pH
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Chapter 4
Flow Rate Factor
4.1 Introduction
Another potential factor that may affect the retention of mercury by the resin is flow rate.
In this chapter, the flow rate is varied while maintaining constant pH and resin mass. The
flow rate is determined by
FR- v 01  (4-1)
pump
where FR is the flow rate (cc/min),
Vsol is the volume of the solution composed of mercury tracer and
titrated de-ionized water (mL), and
tpump is the pumping time (min).
The Chelex 100 Manual states that "if a tightly held cation is to be isolated from a
solution of weakly held cations, a flow rate in excess of 20 cm/min can often be used. Sep-
arations between similar species and efficient regeneration and conversion require lower
flow rates, usually less than 4 cm/min." The experiment in this chapter tests the collection
efficiency of mercury in the resin from 1.5 to 13 cc/min. A study by Milley and Chatt,
while keeping the pH and amount of resin constant, indicates that quantitative retention of
all elements they examined at flow rates of 0.5, 1.4, and 2.6 cc/min. No trend was obvious
for the resin collection efficiency of aluminum, barium, calcium, copper, magnesium,
manganese, sodium, and vanadium. They did not test the effect of flow rate on mercury.
The raw data of the flow rate samples are in Appendix C.2, and these values are ana-
lyzed in this chapter to determine the influence of flow rate on resin collection efficiency
of dissolved mercury.
4.2 Setup Procedure
The procedure established for the collection efficiency of ion exchange resin as a function
of pH was modified slightly to determine the efficiency as a function of flow rate. This
methodology was then followed systematically for all samples to minimize the affect of
factors not related to flow rate.
One change in procedure from the pH sample is that the volume of de-ionized water is
reduced from one liter to 100 mL. A graduated cylinder measured the volume, and the de-
ionized water is poured into a one-liter flask. The volume reduction means that the length
of time for the runs is less. This is important because the same mercury tracer from the pH
runs is used where the Hg-197 peak at 77 keV underwent considerable decay. The shorter
total experiment time would lead to less uncertainties for the counts at the 77 keV peak.
However, the smaller the de-ionized water volume, the greater percentage of error in effi-
ciency associated with amount of mercury left behind in the flask. This error is described
more in detail in Section 4.4. The shorter count time increases the statistical standard devi-
ations, also.
Similar to the pH experiment, the mercury tracer, described in Section 2.2, was pipet-
ted from the tracer's volumetric flask into a 1-mL vial. However, the volume of the tracer
used in all runs in this chapter is 0.8 mL. The vial's cap was closed, and the vial was
inserted into a small plastic ziplock bag to prevent contamination. The measurement time
for flow rate runs is half of that for the pH runs. The sodium iodide detector counted the
tracer's activity for a half hour. The vial was opened and mixed in the flask with the de-
ionized water. The pH of this water, measured by the Omega pH meter, is assumed to be
constant at 5.45 ± 0.15.
The resins, flask, bottled used as sink, and vacuum pump were connected exactly the
same way as the pH runs, as depicted in Figures 3.3 and 3.4. The vacuum setting dial on
the pump allows the adjustment of flow rate. This dial was turned to a specific vacuum set-
ting in inches of Hg. The flow rate was calculated by Equation 4-1. The time for collection
of mercury by the resins varied greatly depending on the flow rate.
Like the pH runs, the top and bottom resins' specific radioactivities were measured by
the same sodium iodide detector and multi-channel analyzer as the tracer. Although the
counting time for the top resin is the same as that for the mercury tracer, which is a half
hour, the counting time for the bottom resin was decreased to fifteen minutes or 900 sec-
onds. The count rate values from both resins were compared to that from the mercury
tracer after decay corrections were performed for the tracer at 77 keV and 279 keV peaks
with both resins' elapse time. A total of 30 samples were measured by this method at spec-
ified flow rates. Any trend in collection efficiency of resin at various flow rates was ana-
lyzed and reported in Section 4.3
4.3 Results
The formulas and calculations to determine the retention of mercury on the resin are
exactly the same as those used in Section 3.3. The same background values, in Table 3.1,
were used to determine the net count rate. The different flow rate samples were performed
in no particular order, but covered the range from 1.5 to 13 cc/min.
Appendix C.2 lists the flow rate, start time, elapsed time, integral counts, area counts,
counting time, region of interests, and count rate for all samples. The raw data are tabu-
lated in Appendix D.2. Tables 4.1 and 4.2 list the corrected mercury tracer count rates for
the times when the top and bottom resin were measured, respectively, as well as the col-
lection efficiency for both resins. Equations 3-1 through 3-4 were applied for the appropri-
ate calculations. The statistical variances utilize Equations 3-5 to 3-14 for all count rate
and efficiency determinations. Figures 4.1 and 4.2 plot the top and bottom resin efficien-
cies at 77 and 279 keV as a function of flow rate. All data are considered in determining
the influence of flow rate on resin retention of mercury. The equation for the line is given
on the graph. These curves show that flow rate does not significantly affect the collection
efficiency of ion exchange resin.
4.4 Problems Encountered
The problems encountered in this chapter are compared to those in chapter three. Like the
pH sample, certain factors not directly related to the flow rate may cause variations or spe-
cific uncertainties in the results.
The procedural variances caused by inexperience are not considered for flow rate.
Nonetheless, the error from incomplete collection of mercury from the flask increases
because the volume of de-ionized water is less than that for pH samples. For instance, if
0.5 mL of solution remains in the flask for each sample, then for a 1000 mL solution, the
error is
0.5mL -40.5 mL = 5x10 = 0.05%1000mL
However, if the volume of the solution is decreased to 100 mL, then the error increases to
0.5mL = 5x10 3 = 0.5%
100mL
Since all the flow rate samples used 100 mL, this uncertainty is systematic, but greater
than for the pH samples.
lip 4_.1 Tap RPsin Effi-gipnriep_ fnr IFlnw Rate Riun
Tracer Count Rate Corrected With
Top Resin Elapse Time ( cts/s) Top Resin Efficiency
77 keV
Tal
#Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Flow Rate
(cc/min)
6.00
3.95
1.53
1.88
4.86
9.40
3.33
3.90
4.98
1.74
2.73
3.44
10.47
9.01
9.58
6.87
6.52
5.24
6.22
8.94
7.82
2.13
8.57
2.11
2.46
12.74
9.77
7.50
2.61
1.68
7.73
7.47
7.64
7.29
7.34
6.88
7.11
6.99
7.07
6.18
6.99
6.36
6.26
6.06
3.40
3.39
3.29
3.49
3.09
2.53
2.38
1.93
2.56
1.92
2.11
2.15
2.94
2.65
1.96
2.11
+ 0.80
+0.80'
+ 0.78
+0.79
+0.80
+0.80
+ 0.79
-t0.79
+ 0.79
+0.79
+ 0.78
+ 0.79
+ 0.79
+ 0.80
+0.78
+ 0.78
+ 0.78
+ 0.78
+ 0.78
+0.78
+0.80
+0.80
+ 0.78
+ 0.79
+ 0.79
+0.81
+ 0.77
+ 0.77
+ 0.79
- 0.78
279 keV
5.56 + 0.60
5.91 + 0.59
5.06 + 0.59
4.96 + 0.61
5.01 + 0.61
4.98 +0.61
5.09 +0.60
5.21 + 0.60
5.22 + 0.60
4.84 + 0.61
5.10 + 0.60
4.85 +0.61
4.90 +0.61
5.35 + 0.60
5.03 + 0.61
4.59 +0.61
5.35 + 0.60
4.39 +0.61
5.01 +0.62
4.57 + 0.63
4.44 + 0.62
5.20 + 0.62
5.17 + 0.61
4.31 + 0.63
5.13 +0.62
4.82 +0.61
4.31+ 0.61
4.72 + 0.61
3.79 -t0.63
4.86 + 0.62
77 keV
0.86 ± 0.14
0.91 +0.14
0.81 ±0.13
0.93 0.15
0.98 + 0.15
0.99 +0.16
0.88 + 0.15
0.92 ± 0.15
0.91 + 0.15
0.88 + 0.17
0.67 +0.14
0.79 ± 0.16
0.89 ±_0.17
1.11 + 0.20
0.73 0.29
0.83 ± 0.30
0.72 + 0.29
0.77 + 0.28
0.61 + 0.30
0.75 + 0.39
0.88 + 0.45
1.02 +0.59
0.84 + 0.40
1.21 + 0.65
1.07 + 0.55
1.09 +0.55
0.80 + 0.34
0.79 ± 0.38
0.95 + 0.55
0.87 + 0.49
279 keV
0.77 +0.14
0.79 +0.13
0.89 +0.16
0.83 +0.16
0.93 + 0.16
0.88 + 0.16
0.82 +0.15
0.88 + 0.15
0.97 +0.16
0.94 +0.17
0.73 +0.15
0.89 + 0.17
1.03 +0.18
0.89 + 0.15
0.95 +0.17
0.96 +0.18
0.76 +0.14
0.96 +0.19
0.84 +0.16
1.00 +0.19
0.98 + 0.20
0.72 + 0.15
0.67 +0.14
0.94 + 0.20
0.82 + 0.16
0.83 +0.17
1.05 +0.21
0.79 + 0.17
1.11 + 0.25
0.77 + 0.16
Table 4.2: Bottom Resin Efficiencies for Flow Rate Run
Flow Tracer Count Rate Corrected With
Sample Rate Bottom Resin Elapse Time (cts/s) Bottom Resin Efficiency
# (cc/min) 77 keV
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
6.00
3.95
1.53
1.88
4.86
9.40
3.33
3.90
4.98
1.74
2.73
3.44
10.47
9.01
9.58
6.87
6.52
5.24
6.22
8.94
7.82
2.13
8.57
2.11
2.46
12.74
9.77
7.50
2.61
1.68
7.23
7.05
7.33
7.05
7.12
6.75
6.95
6.89
6.96
5.84
6.67
6.08
6.08
5.90
3.20
3.20
3.15
3.36
3.02
2.48
2.18
1.84
2.46
1.85
2.08
2.12
2.89
2.67
1.92
2.09
+ 0.75
+ 0.76
+ 0.75
+ 0.76
+ 0.77
+ 0.79
+ 0.78
+ 0.78
+0.78
+ 0.75
+ 0.75
1 0.76
+ 0.77
+ 0.77
+ 0.73
+0.73
+ 0.74
+ 0.74
+ 0.76
+ 0.77
+0.73
+ 0.76
+ 0.75
+ 0.76
+0.78
+ 0.79
+ 0.76
+ 0.78
+ 0.77
+ 0.77
279 keV
5.54 0.59
5.89 0.59
5.04 ± 0.59
4.95 ± 0.61
5.00 ± 0.60
4.98 + 0.60
5.09 ± 0.60
5.21 ± 0.60
5.22 + 0.60
4.83 ± 0.61
5.09 + 0.60
4.83 ± 0.60
4.89 0.61
5.34 + 0.60
5.01 + 0.61
4.57 ± 0.61
5.34 ± 0.60
4.38 + 0.61
5.00 ± 0.62
4.56 + 0.62
4.42 + 0.62
5.19 ± 0.62
5.16 + 0.61
4.30 + 0.62
5.13 + 0.62
4.81 + 0.61
4.30 + 0.61
4.73 - 0.61
3.79 f 0.63
4.86 + 0.62
77 keV
7.6E-2
1.2E-1
-9.5E-3
5.5E-2
9.2E-2
1.8E-2
-1.4E-2
1.2E-1
4.9E-2
1.1E-1
7.8E-2
3.9E-2
1.2E-1
-2.1 E-2
-1.1E-1
4.OE-1
1.OE-1
-7.9E-2
1.2E-1
-2.2E-1
6.9E-2
1.8E-1
1.4E-1
6.OE-2
-1.7E-1
1.5E-2
-4.4E-2
1.2E-1
7.5E-2
1.2E-1
+1.3E-1
+1.4E-1
+ -1.3E-1
+ 1.4E-1
+ 1.4E-1
+ 1.5E-1
+ -1.5E-1
+ 1.5E-1
+1.5E-1
± 1.7E-1
+ 1.5E-1
+ 2.7E-1
+ 1.7E-1
+ -1.7E-1
+ -3.1E-1
+ 3.2E-1
+ 3.2E-1
+ -3.OE-1
+ 3.4E-1
+ -4.3E-1
+6.1E-1
+ 5.5E-1
+ 4.1E-1
+ 5.4E-1
+ -5.OE-1
+ 4.8E-1
+ -3.6E-1
+ 4.OE-1
+ 5.3E-1
+ 5.OE-1
279 keV
0.OE+0 + 0.OE+0
0.OE+0 + 0.OE+0
0.OE+0 + 0.OE+0
0.0E+0 + 0.OE+0
6.3E-2 + 1.4E-1
0.0E+0 + 0.OE+0
0.OE+0 + 0.OE+0
0.OE+0 + 0.OE+0
O.OE+O + O.OE+O
O.OE+O + O.OE+O
O.OE+O + O.OE+O
0.OE+0 0.OE+0
O.OE+O + O.OE+O
O.OE+O + O.OE+O
O.OE+O + O.OE+O
0.OE+0 + 0.OE+0
O.OE+O + O.OE+O
O.OE+O + O.OE+O
O.OE+O + O.OE+O
0.OE+0 + 0.OE+0
O.OE+O + O.OE+O
0.OE+0 + 0.OE+0
O.OE+O + O.OE+O
0.OE+0 + 0.OE+0
O.OE+O + O.OE+O
O.OE+O + O.OE+O
9.6E-2 1 1.6E-1
0.0E+0 + 0.OE+0
O.OE+O + O.OE+O
O.OE+O + O.OE+O
1.2-
1
0.8-
0.6-
Flow Rate (cc/min)
Figure 4.1: Resin Efficiency vs. Flow Rate at 77 keV
1.2-
0.6-
0.4-
0.2-
Flow Rate (cc/min)
Figure 4.2: Resin Efficiency vs. Flow Rate at 279 keV
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The statistical uncertainties for the flow rate sample are much greater than for the pH
ones. Because the same mercury tracer was used, the significant decay of the 77 keV peak
results in an associated increase in error. However, the 279 keV peak did not decay as
much and could be used, in addition to the 77 keV peak, to analyze the resin collection
efficiency.
Spectrum shift and peak broadening on the multi-channel analyzer were not a problem
in the flow rate runs because the counting times and the intervals between the tracer and
resin measurement are much smaller than the pH runs. The complete collection of a pH
sample set required at least five hours whereas a complete flow rate sample set required at
least two hours.
Chapter 5
Different Preconcentration Methods
5.1 Introduction
Ion exchange resin has proven to be a good preconcentration material for mercury from
water samples. The resin collection efficiency is high as well as stable over a significant
range for pH and flow rate. However, other preconcentration techniques are explored in
attempt to find a material with higher collection efficiency or with properties more suitable
for instrumental neutron activation analysis.
Several material characteristics critically affect the results when used in combination
with INAA. The material's blank value ultimately determines the minimal detection limit
in a sample The smaller the blank of a certain element, the more sensitive the measure-
ment of the element's concentration. Smaller quantities of preconcentration material
would decrease the blank values, but the possibility of saturation or breakthrough
increases. The trade-off is to have enough preconcentration material present to collect all
the mercury that passes through it, but not to have so much that the mercury blank value
would distort the results. High background from activation of the preconcentrating mate-
rial when irradiated could increase the error of the analysis to the point that the material
cannot be used in instrumental neutron activation analysis. Thus, the ideal preconcentra-
tion material would have perfect collection efficiency with small blank value, no chance of
mercury saturation, and low activation.
Three materials, in addition to ion exchange resin, were analyzed for collection effi-
ciency of mercury tracer from de-ionized water. Charcoal has proven to be excellent in
collection of atmospheric mercury. Activated charcoal sorbent contains micropores which
are very effective sites for trapping atmospheric mercury species that diffuse into the
structure (Ref. 1). The low blank value and low activation allow very sensitive measure-
ments. However, charcoal's retention ability for mercury in liquid form is uncertain and is
explored in this chapter. Gold and silver are known for their ability to collect mercury
since mercury amalgamates with noble elements. However, the collection of mercury in
liquid form with gold or silver surfaces in various studies has not produced consistent
results. The advantage of gold and silver surfaces over ion exchangers is that gold and sil-
ver surfaces collect only mercury while ion exchangers collect other metals as well in a
sample and may saturate. The drawback is that gold and silver become very activated
when irradiated and increase the background significantly.
5.2 Setup Procedure
The procedure developed for testing the collection efficiency of resin in chapters three and
four is applied in this chapter to determine and compare the retention ability of mercury by
ion exchange resin, iodated charcoal, gold surfaces and silver surfaces.
Two different procedures were used, and they differ in the volume of mercury tracer
and volume of de-ionized water. The remaining factors were the same. Following the spe-
cific activity measurements, constant volumes of tracer solution are passed through a col-
umn tube containing 50 mg of Chelex 100 ion exchange resin, 100 mg of charcoal, 0.65 g
of gold-coated ferrite, or 0.65 g of silver-coated ferrite. These weights produce columns of
equal volume except for the resin. The preparation of the resin is described in Section
2.3.1 and shown in Figure 2.25. Figures 5.1 and 5.2 illustrate the composition of the teflon
tubes containing charcoal and gold or silver surfaces, respectively. The charcoal in the
teflon tube was made by Michael Ames. The teflon tube is similar to that for the resin, but
polyurethane is the bottom stopper instead of polyethylene. Glass wool is used as the top
Teflon Tube
1.9 cm
Glass Wool
-- Charcoal
. Polyurethane
Stopper
Figure 5.1: Charcoal in Teflon Tube
stopper to minimize the potential that polyethylene or polyurethane would absorb any
mercury that passes through it. The gold and silver surfaces were provided by Frank Pink.
A ferrite material was coated with either 314 cm2 /g of gold or 314 cm2 /g of silver to pro-
duce the respective surfaces. Polyethylene is the bottom stopper and glass wool is the top
one.
The pH should be constant for all four preconcentration materials because the collec-
tion efficiency may vary with pH. The pH is assumed to be constant in this chapter since
de-ionized water is used in all samples. The flow rate should be constant as well. The
approximate vacuum level for each material at 5 cc/min is given in Table 5.1. Similar to
the setup for pH and flow rate experiments, two ion exchanger tubes, charcoal tubes, or
Teflon Tube \
1.9 cm
Glass Wool
Gold-coated
, or
Silver-coated
Ferrite
,. Polyethylene
Stooner
Figure 5.2: Gold Surface or Silver Surface Ferrite in Teflon Tube
Table 5.1: Approximate Vacuum Level Setting To Maintain 5 cc/min Flow Rate
Material Vacuum (In. of Hg)
Ion Exchanging Resin 15
Charcoal 5
Gold-Coated Ferrite 19
Silver-Coated Ferrite 19
gold/silver coated ferrite tubes are connected in series. A vacuum pump pulls the tracer
solution from an one-liter container through the two tubes and into a bottle that acts as
sink, as displayed in Figure 3.3. The activity in the tube was measured and compared to
that in the tracer to determine the amount of mercury captured.
The first procedure used preconcentration samples #1 and #2 in Appendix C.3;
whereas, the second used sample #3. The first procedure attempts to use the same mercury
\1,1ý
ým
tracer for all four preconcentration materials so that the comparison is more direct. The
same mercury tracer as that use in the pH and flow rate analysis was the radioactive source
for this procedure. 0.9 mL was pipetted from the volumetric flask into a 1-mL vial.
Because of considerable decay of the 77 keV peak, the main efficiency comparisons used
the 279 keV peak. After the activity was measured for one hour by the sodium iodide
detector, the tracer is mixed with one liter of de-ionized water in a beaker for sample #1
and in a graduated cylinder for sample #2. The solution is connected to two tubes with the
preconcentration materials in series via silicone tubes. The tubes are then connected to a
sink and vacuum pump. The vacuum level was set according to Table 5.1. 250 mL of the
tracer and de-ionized water solution was pulled through each of the four different precon-
centrating materials. Materials A, B, C, and D in Appendix C.3 represent ion exchange
resin, iodated charcoal, gold-coated ferrite, and silver-coated ferrite, respectively. All the
top preconcentration materials were counted by the sodium iodide detector for one hour,
but the bottom ones were counted for either one hour or fifteen minutes. If the collection
efficiency is perfect, then each of the top tube materials would contain one quarter of the
activity measured by the tracer after decay corrections were performed.
The second procedure increased the mercury concentration in the preconcentration
materials by using one tracer per material rather than dividing one tracer among four as
was done in the first procedure. 0.9 mL of mercury tracer was transferred into an 1-mL
vial for each of the four materials and counted on the sodium iodide detector for one hour.
Then each tracer is mixed with 250 mL of de-ionized water in an one-liter flask. The setup
is depicted in Figure 3.3. After the vacuum pump pulls the solution through the precon-
centration materials, the top tube is measured for one hour and the bottom one is measured
for fifteen minutes, except for the bottom charcoal, which is counted for one hour. The
same detector and multi-channel analyzer were used. The results from the 279 keV peak
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for the top and bottom materials are compared in Section 5.3. To analyzed the absorption
of mercury by the teflon tube and the stoppers that contained the preconcentrating materi-
als, the resin, gold surface, and silver surface were emptied from the tube and the tube
with the stoppers were measured for one hour using the sodium iodide detector.
5.3 Results
The formulas and calculations to determine the collection efficiency of various preconcen-
tration materials are the same ones used in Section 3.3 for the pH runs. Appendix C.3 lists
the relevant information used to analyze and compare the different materials.
The results from the first procedural method mentioned in Section 5.2 were so incon-
sistent that they cannot be used. The extremely low concentration of mercury in the top
and bottom preconcentration material and possible inhomogeneous mixing of the solution
caused the extreme difference between sample #1 and sample #2's measured efficiencies.
Only the 279 keV peak can be used because of the extreme decay of Hg-197. The peak is
not strong in the tracer and by dividing the activity by four, the peak would be barely
detectable, if detectable at all. Because measured activity of the top preconcentration
material decreased with each successive run despite the material, the homogeneous mix-
ing of the mercury tracer with the de-ionized water is assumed to not be achieved. For
instance, the activity from top resin is much greater than that for top silver surface when
the resin is used before the silver, but the top silver surface activity is significantly higher
when it is used before the resin. Because of these problems, only measurements from the
second procedure were analyzed for collection efficiency of different preconcentrating
materials.
Table 5.2: Top Material Efficiencies for Preconcentration Run
Tracer Count Rate Corrected With
Top Material Elapse Time (cts/s) Top Material Efficiency
Sample # Material 77 keV 279 keV 77 keV 279 keV
1A Resin 1.59 ±0.58 4.91 ±0.46 0.04 ±0.36 0.07 ±0.09
1B Charcoal 1.57 ±0.57 4.91 ±0.46 0.00 ±0.37 0.00 ±0.00
1C Gold 1.55 ±0.56 4.91 ±0.46 0.38 ±0.40 0.07 ±0.09
1D Silver 1.53 ±0.55 4.90 ±0.46 -0.02 ±-0.38 0.00 ±0.00
2A Resin 1.21 ±0.55 4.78 ±0.46 -0.05 ±-0.48 0.00 ±0.00
2B Charcoal 1.22 ±0.56 4.78 ±0.46 0.34 ±0.49 0.00 ±0.09
2C Gold 1.24 ±0.57 4.79 ±0.46 0.02 ±0.46 0.00 ±0.09
2D Silver 1.26 ±0.57 4.79 ±0.46 -0.41 ±-0.50 0.11 ±0.09
3A Resin 0.84 ±0.57 4.54 ±0.46 1.43 ±1.19 0.90 ±0.14
3B Charcoal 1.39 ±0.57 5.23 ±0.45 0.10 ±0.42 0.49 ±0.10
3C Gold 0.63 ±0.58 4.17 ±0.46 -0.14 ±-0.97 0.89 ±0.15
3D Silver 0.05 ±0.59 4.04 ±0.46 -2.63 ±-30.40 0.94 ±0.16
Table 5.3: Bottom Material Efficiencies for Preconcentration Run
Tracer Count Rate Corrected With
Bottom Material Elapse Time (cts/s) Bottom Material Efficiency
Sample # Material 77 keV 279 keV 77 keV 279 keV
1A Resin 1.55 ±0.58 4.91 ±0.46 0.22 ±2.21 0.00 ±0.00
1B Charcoal 1.36 ±0.57 4.87 ±0.46 -0.02 ±-6.61 0.00 ±0.00
1C Gold 1.51 ±0.56 4.90 ±0.46 0.21 ±0.22 0.00 ±0.00
1D Silver 1.33 ±0.55 4.87 ±0.46 0.03 ±0.63 0.00 ±0.00
2A Resin 1.19 ±0.55 4.77 ±0.46 0.28 ±2.48 0.00 ±0.00
2B Charcoal 1.19 ±0.56 4.77 ±0.46 0.23 ±0.34 0.00 ±0.00
2C Gold 1.18 ±0.57 4.77 ±0.46 -0.25 ±-7.55 0.00 ±0.00
2D Silver 1.23 ±0.57 4.78 ±0.46 -0.37 ±-0.46 0.00 ±0.00
3A , Resin 0.81 ±0.57 4.53 ±0.46 -0.20 ± -0.17 0.00 ±0.00
3B Charcoal 1.38 ±0.57 5.22 ±0.45 -0.15 ±-0.65 0.07 ±0.01
3C Gold 0.61 ±0.58 4.16 ±0.46 0.03 ±0.21 0.00 ±0.00
3D Silver 0.05 ±0.59 4.04 ±0.46 0.12 ±1.46 0.00 ±0.00
In Appendix D.3, the tables tabulate the raw data of the mercury tracer, top materials,
and bottom material count rates, respectively, using the sodium iodide detector. They
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show the elapsed time between the mercury tracer measurement and each of the materials'
measurements and list the corrected mercury tracer count rates for the times when the top
and bottom materials were measured, respectively, as well as give the collection efficiency
of the top and bottom preconcentration materials. Equations 3-1 through 3-14 were used
for calculating the efficiency and standard deviations. Only the 279 keV peak's efficiency
was used. Figure 5.3 illustrates the retention capability of resin, charcoal, gold surface,
and silver surface using the sodium iodide detector.
* Top Preconcentration Method
, Bottom Preconcentration Method
1-
0.8-
0.6-
0.4-
0.2-
0-
Resin Charcoal Gold Surface
Preconcentration Method
Silver Surface
Figure 5.3: Different Preconcentration Method's Efficiency
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5.4 Problems Encountered
The main problem with the results in this chapter is statistics since only two sets of sam-
ples were used. At least five samples of each preconcentration method should be analyzed
and compared, and the graphs should illustrated the average of the results. The problems
in the first procedure used in this chapter invalidated two samples. The next procedure
attempts to alleviate the problems by using one mercury tracer per preconcentration
method.
Without repeating the experiment for a statistically significant number of times, the
values obtained in this chapter should only be viewed as a relative comparison of collec-
tion efficiency among various preconcentration materials.
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Chapter 6
Sample Analysis
The analysis of several water samples, collected in Cambridge, Massachusetts, used the
complete collection methodology developed in this thesis to show that the ion exchange
resin is able to collect a quantifiable amount of mercury.
6.1 Introduction and Setup
6.1.1 Rain Water
Precipitation or wet deposition in the form of rain or snow is a major process for removing
atmospheric mercury. The efficiency of mercury removal by precipitation is the wash out
ratio W, that is defined as (Ref. 33)
W rain (6-1)
air
where Crain is the concentration of mercury in air (ng/m3), and
Cair is the concentration of mercury in rain water (ng/m3).
Rain and snow were collected on the roof of 144 Albany Street in Cambridge, Massa-
chusetts by the apparatus shown in Figures 6.1 and 6.2. A large funnel was cleaned by
rinsingwith 2.5 M nitric acid and de-ionized water. The funnel directed precipitation into
a 4 liter bottle, and both are immobilized by metal wires and tape attached to an upside-
down stool. Lead bricks are also placed on the stool to keep it steady in the wind. A plastic
cover, as illustrated in Figure 6.3, was bound over the funnel with elastic ropes to prevent
collection of dry particulates when there was no precipitation.
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Rain Water
~arge
,arge
'unnel
Samples
wn
Brick
Figure 6.1: Rain Water Collection Method on the Roof of NW13
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62 cm
Figure 6.2: Photograph of Rain Water Collection Method
The precipitation was pulled through three individual resins. The first and second res-
ins were washed by the funnel method and the third by the tube method. The first resin
was air dried in a clean hood, whereas the second and third were dried in a convection
oven at 50 OC. The water volume and flow rate differed between the samples and are
shown in Section 6.4. The pH of the rain and snow was measured to be 5.43 on the Omega
pH meters.
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Rope
Figure 6.3: Plastic Covering Over Funnel When It Is Not Raining
6.1.2 River Water
The determination of mercury in natural waters is another important measurement.
Table 1.1 includes the concentration of dissolved mercury from natural waters. The con-
centrations from 0 to 1000 ng/L, varies with location, depth, and analytical laboratory
(Ref. 33).
Water from the bank of the Charles River on the side of Cambridge, Massachusetts
was collected and measured with the technique developed in the thesis. The apparatus
setup is similar to that of rain water analysis except the inclusion of a nylon filter. The rain
water did not use a filter, which caused the ion exchange resin to turn to a tan color. All
field analyses of natural waters will be filtered with the type of filter shown in Figure 6.4.
The river water contained many more particulates and relatively large solid debris com-
pared to the rain. After the large particles settled on the bottom of the bottle, the river
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Funnel
Figure 6.4: Nylon Filter and Filter Holder for River Water Analysis
Figure 6.5: Setup of Resin Collecting River Water Elements Through a Filter
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water was pumped through a filter and a resin, as depicted in Figures 6.5 and 6.6 Another
resin sample then collected the river water, but without the nylon filter. Both resins were
washed by the funnel method, and both were dried in a convection oven. The pH of the
river water is 7.43.
Figure 6.6: Photograph of Resin Collecting Mercury From Charles River Water
6.1.3 Tap Water
The final water sample analyzed is tap water from the faucet of a lab at MITR-II. The
setup is the same as that of rain and river samples that do not have a filter. The pH is 8.86.
The resin was washed by the funnel method and dried in a convection oven.
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6.2 Results
The concentration analysis of the water samples in this chapter uses only the 77 keV peak.
The definition of ppb is nanogram of mercury per gram of resin sample from the water
sample and resin or
1ppb = Ing Hg (6-2)g sample
The resin blank value of 46 ± 4.6 ppb was subtracted from the 77 keV peak value in all
samples. To determine the amount of mercury in the sample, the ppb in the sample is mul-
tiplied by the samples' weight, given in Table 6.2. The concentration of mercury in each
water sample is the mercury's weight in the sample per volume of water, also given in
Table 6.2, and this is calculated by
Concentration - [Hgsample (ppb) -Hgblan k (ppb)] x Hgsample (g) (6-3)Water (mL)
The error analysis for concentration used the same formula, but for the error values. Chap-
ters 3 and 4 demonstrated the effect of pH and flow rate on the collection efficiency of
mercury from the resin. Table 6.3 gives the pH and flow rates of each sample. Both effi-
ciencies are constant for a wide range of pH and flow rates. The approximate collection
efficiency is 90%. Thus, the actual concentration of mercury in the water samples is
ConcentrationConcentrationAdjusted 0.90 (6-4)
Equations 6-2 and 6-3 determine the concentration values in Tables 6.2 and 6.3,
respectively, for the water samples. For example, the calculation for sample RAINAIR is
-2
Concentration = (605.855ppb -46.1 ppb) x 2.857x10 g = 7.61x10-3 ng Hg
2090 mL mLwater
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Error =(12.650 ppb +4.6 ppb) x 2.857x10-2g = 2.36x1-4 ng Hg2090 mL mLwater
The pH of rain water, measured by the pH meter, is 5.43. Since the total time the vacuum
pump pulled the water sample through the resin is 135 minutes, the flow rate is
FlowRate 2090 mL cc
=FlowRate 15.48135 min min
Applying the pH and flow rate collection efficiency, the adjusted concentration becomes
Concentration =
7.61 x 10 3  2.35x104 ng
mL
0.90 8.46x10-
3  2.6 2 x 10-4 ng Hg
mLwater
Table 6.1: Concentration Parameters of Cambridge Waters
Sample Water 77 keV Error
Weight (g) Volume (mL) (ng Hg/mL water) (ng Hg/mL water)
RAINAIR 2.857E-2 2090 7.61 E-3 2.36E-4
RAINOVEN 3.597E-2 2061 9.64E-4 2.42E-4
RAINTUBE 2.806E-2 1275 6.42E-3 3.76E-4
RIVERFILTER 3.588E-2 447 1.95E-1 3.26E-3
RIVERUNFILTER 3.928E-2 1013 5.36E-3 4.51 E-4
TAP 3.569E-2 1000 6.28E-2 1.09E-3
Table 6.2: Collection Efficiency Parameters of Cambridge Waters
Flow Rate 77 keV Error
(cc/min) (ng Hg/mL water) (ng Hg/mL water)
RAINAIR 5.43 15.48 8.46E-3 2.62E-4
RAINOVEN 5.43 14.93 1.07E-3 2.69E-4
RAINTUBE 5.43 7.20 7.13E-3 4.18E-4
RIVERFILTER 7.43 2.63 2.16E-1 3.62E-3
RIVERUNFILTER 7.43 18.42 5.96E-3 5.01 E-4
TAP 8.86 31.25 6.98E-2 1.21E-3
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The mercury concentration is plotted in Figure 6.7. The RIVERFILTER sample is con-
taminated, and thus, not shown. The filter had been previously handled with mercury trac-
ers and had not been appropriately washed prior to use.
00
0C3
0
0OOo
r,.
Sample
Figure 6.7: Concentration of Mercury in Cambridge Water Samples
Selected elements were analyzed for these rain, river, and tap water samples by com-
paring the concentration in them to that in fly ash standards. The resin blank values of the
selected elements are in Appendix B. 1. The average of these values are given in Table 2.4,
and they are subtracted from the water sample measurements. The resulting concentra-
tions for the selected elements are in Appendix B.2.
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6.3 Discussion
All except for the RAINTUBE sample used the funnel method to wash the ion exchange
resin before collecting mercury from the water samples. As the results from the first resin
blank trial in Section 2.3.2 show, the funnel method had not given consistent steady con-
centration, probably caused by the large sodium background. Thus, the concentration of
mercury stated in Table 6.7 is simply to show the application of the methodology devel-
oped in this thesis, not actual concentration result. The samples analyzed are also not sta-
tistically significant. All future samples should use the tube method to wash the ion
exchange resin, and use a clean filter to remove large undissolved particles. A large num-
ber of samples should also be analyzed before any conclusion is drawn.
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Chapter 7
Discussion and Summary
Several issues concerning the practicality of using ion exchange resin with instrumental
neutron activation analysis for measuring trace levels of mercury dissolved in water were
addressed in this thesis. The blank value of the resin for mercury is small enough to ana-
lyze this metal in nature. The collection efficiency is constant as a function of pH, as illus-
trated in Figure 7.1, and as function of flow rate, as shown in Figure 7.2. More studies are
suggested for the efficiency comparison between the various preconcentration methods,
but the results obtained for this thesis imply that gold and silver surfaces may be adequate
as preconcentration material for mercury. Figure 7.3 displays the relevant collection effi-
ciencies of these samples. More in-depth studies of water sample concentration can further
test the methodology developed in this thesis.
The influence of resin mass was not examined. The mass would certainly be critical if
the resin is small enough that it saturates. A relatively generous quantity was used in all
pH and flow rate runs. However, if the resin mass was near saturation, pH and flow rate
may affect collection efficiency. Thus, determining the actual saturation mass present
before field studies is recommended. If the quantity of resin required is small, then the
resin mass can be reduced, which would reduce the total amount of mercury in resin
blanks. A study on resin volume by Milley and Chatt produced this result. They investi-
gated the retention of numerous elements at a constant pH and flow rate while varying the
resin volume. The collection efficiency of the Chelex 100 resin on most elements they
used did not changed significantly when the volume was doubled, but the resin blank dou-
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bled. Thus, finding the minimal resin mass capable of handling most environmental sam-
ples of mercury would enhance the sample results' accuracy.
In field studies, washing each resin in the teflon tube can be considerably time-con-
suming, especially for a large number of samples. although contamination from resin
transfer may occur, a batch washing method could still be more beneficial because the
washing is consistent. The resin should still be rinsed with both nitric acid and ammonium
hydroxide for the same length of time as mentioned in the funnel washing method in Sec-
tion 2.3.1.
All field studies should use a filter before the water reaches the resin. Thus, only dis-
solved mercury is collected. The filter should then be analyzed for solid mercury concen-
tration above its blank value.
Field studies of dissolved mercury in natural waters can be analyzed using ion
exchange resins and INAA. Studies of mercury concentration world wide can determine
the health risk and prevent any further mercury poisoning from natural waters. This thesis
has answered several important questions on the validity of combining Chelex 100 resin
with instrumental neutron activation analysis for analyzing trace levels of dissolved mer-
cury.
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y 0.85 583 + -0.0075409x R= 0.32475
y = 0.83427 + -0.012969x R= 0.30309
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Figure 7.1: Resin Efficiency vs. pH
6 8
Flow Rate (cc/min)
Figure 7.2: Resin Efficiency vs. Flow Rate
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Figure 7.3: Efficiency vs. Different Preconcentration Method
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Appendix A
List of Equipment
A.1 Electronics
Geiger Counter (hand-held)
LUDLUM® Measurements, Inc., Sweetwater, TX
Model 2
MIT-0041328
High Purity Germanium (HPGe) Detectors
Detectors #1, 2, 3, 4 in MIT Nuclear Reactor Lab
Multichannel Analyzer (MCA)
Canberra® Series 20
Power Supply: Ortec® EG&G
478
0-2 kV Bias Supply
High Voltage = 1100 V
pH Meter with probe
Omega® PHB-47 Bench Microprocessor pH Meter
MIT-0264895
Sodium Iodide Scintillation Detector
Harshaw Nal (TI), Integral Line® , Scintillation type 12S/2
Detector Serial IE31
Crystal & Electronic Products Department
/The Harshaw Chemical Co.
Kewanee industry
Vacuum Pump
GAST® : Mode # 0323-101Q-Gl8DX
Date Code 0792
MFG. CORP., Benton Harbor, Mich., USA
GE Motors® : Mod 5KH35GN106GX
Series # PGL240845
USA
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A.2 Materials for Sampling
Bags (plastic)
Balance
1. Gram-atic Balance
Made in Switzerland by E.METTLER® Zurich
Imported by METTLER INSTRUMENT Corp.
Distributed by FISHER SCIENTIFIC® COMPANY
MIT No. NED-3
2. METTLER® AT201 FACT
MIT-0253909
Beakers
PYREX®
Bottle
Nalgene®
Box made from plastic with foam inside
Cap (red plastic end caps)
Circular Blade
Clamps
CASTALOY® -R
Filter Paper
-1. S&S Filter Paper®
11 cm #597
Lot No:R911
Order No: 13720
Schleicher & Schuell, Keene, NH 03431
2. Nylon Filter Paper
Gelman Sciences , 600 South Wagner Road, Ann Arbor, Michigan 48106
P/N 66608 100/Pk
47 mm Nylaflo 0.45 plm
Nylon Membrane, Lot No. 4031905
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Filter Holder
SAVILLEX ®
Flask
PYREX® , USA
1000 mL
No. 5340 Filter Flask
Funnel
1. Pioneer Plastics®
JAX.FLA.USA
2. Glass
PYREX®
3. Large funnel for collection rain samples
Sezione Plastica®
Copiano, Italy
M. 41245
Also used elastic rope and plastic covering
Glass Wool
Gloves
Fisherbrand® Latex Examination Gloves
Catalogue No. 11-394-58
Safety Products Division, Fisher Scientific
Goggles
Graduated Cylinder
1. Mallinckrodt® 1000 mL
2. PYREX® No. 3046 250 mL
3. KIMAX® 20024-D 100 mL
4. EXAX® 25 mL
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Heat Sealer
CJ-1
110 VAC
Hot Plate and Torch
Lab Coat
Lead Bricks
Pipette Assembly
Pipette 1: Coming® USA
Disposable TD
5 in 1/10 mL
Pipette 2: TD 20 OC
KIMAX® -51, USA
1 in. 1/100 mL
No. 37019
Suction: VWR Scientific®
Pig (lead)
Polyethylene Sheet
Polyurethane Stoppers
Quartz Hollowed Rod
Rabbit
Silicon Tubing
Stand
FISHER® USA
Stool (metal)
Squeeze bottle
Nalgene®
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Teflon FEP Tubing/C-12
Cole Parmer® Instrument Company, Niles, Illinois 60714
PO# 60469(A2)
Reorder No. 6406-66
Inner Diameter: 3/16" (0.188") ref.
Outer Diameter: 1/4" (0.256")
Wall: 1/32" (0.031")
Timer Micronta
Quartz Electronic Timer
Tissue Paper
Kimwipes® EX-L
1-Ply, Extra Low-Lint Wiper
Kimberly-Clark
Tweezers
Vial
FISHERbrand® Distributed by Fisher Scientific
Cat No. 03-338-1A
1 mL Case/100 sample vials
Made in Italy
Volumetric Flask
1000mL ± 30mL A 28013
KIMAX® USA
Ziplock plastic bags
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A.3 Standards and Solutions
4.01 Buffer Solution
Color-coded Pink, Number 0097
Buffar® Standard Buffer Solution
Mallinckrodt Standard 0
7.00 Buffer Solution
Color-coded Yellow, Number 0098
Buffar® Standard Buffer Solution
Mallinckrodt Standard®
10.00 Buffer Solution
Color-coded Light Blue, Number 0099
Buffar® Standard Buffer Solution
Mallinckrodt Standard®
Ammonium Hydroxide (NH40H) Solution
F.W. 35.05 UN2672
Mallinckrodt® AR Analytical Reagent
500 mL
Safemore® Container 1177
Barium- 133 Gamma Ray Source
7.7 gCi
Calibrated 2/1/85
Energy = 80.998 keV
New England Nuclear, Boston, MA 02118
Cesium-137 Gamma Ray Source
5.0329 g
Calibrated 2/10/84 0400 PST
9.04 nCi/g
Sol # 2095-5-75
Environmental Monitoring Systems Laboratory, Las Vegas, Nevada
Charcoal (iodated)
Provided by Michael Ames
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Cobalt-60 Gamma Ray Source
0.25 gCi
Calibrated 10/1/68
Energy = 1173.21 and 1332.47 keV
Cobalt-60 Gamma Ray Source
1.12 gCi
Calibrated 2/1/77
Energy = 1173.21 and 1332.47 keV
New England Nuclear, Boston, MA 02118
De-ionized Water
Fly Ash (Coal)
US Department of Commerce, National Bureau of Standards
Washington, DC 20234
Gold-coated Ferrite
Provided by Frank Pink
Au/Ferrite
Powdertech 314 cm 2/g
Solution 2/22/96
Ion Exchange Resin
Chelex® 100 Resin
100-200 mesh
Sodium form
BioRad Laboratories, 2000 Alfred Nobel Drive, Hercules, CA 94547
Mercury (II) Chloride
HgC12
Mercury Standards
NIST Research Material 8408
Mercury in Sediment Nominal Value 100 gtg/g
US Department of Commerce, National Institute of Standard and Technology
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Nitric Acid (HNO 3) Solution
F.W. 63.01 UN2031
Mallinckrodt® AR Analytical Reagent
3.17 kg
Safemore® Container 1409
Orchard Leaves
NBS Standard Reference material 1571
US Department of Commerce, National Bureau of Standards
Washington, DC 20234
Silver-coated Ferrite
Provided by Frank Pink
Ag/Ferrite
Powdertech 314 cm 2/g
Ag 100 mL/mL (det.)
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Appendix B
Computer Printouts from HPGe Detector
B.1 Resin Blanks for Selected Elements
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Atomic Number Element Energy (keV)
24 Chromium 320
26 Iron 1099
1292
27 Cobalt 1173
1332
30 Zinc 1115
33 Arsenic 559
34 Selenium 264
35 Bromine 554
777
48 Cadmium 336
79 Gold 412
90 Thorium 312
92 Uranium 106
BLANK1
Concentration (PPB) Error (PPB)
36100 830
151000 10000
161000 10000
450 30
280 20
20000 2700
30 20
150 80
1500 390
1400 370
40 40
200 30
8 5
3 5
BLANK2
Atomic Number Element Energy (keV) Concentration (PPB) Error (PPB)
24 Chromium 320 510 50
26 Iron 1099 22000 4000
1292 15000 5100
27 Cobalt 1173 90 10
1332 100 10
30 Zinc 1115 7600 1100
33 Arsenic 559 20 10
34 Selenium 264 90 50
35 Bromine 554 1200 310
777 1200 320
48 Cadmium 336 60 40
79 Gold 412 100 20
90 Thorium 312 7 4
92 Uranium 106 8 4
BLANK3
Concentration (PPB) Error (PPB)
10500 250
169000 8200
167000 8600
120 10
120 10
21000 2900
24 2
70 30
1500 400
1500 390
30 10
540 40
8 0
1 2
Appendix B.1 (continued)
Atomic Numbel Element Energy (keV)
24 Chromium 320
26 Iron 1099
1292
27 Cobalt 1173
1332
30 Zinc 1115
33 Arsenic 559
34 Selenium 264
35 Bromine 554
777
48 Cadmium 336
79 Gold 412
90 Thorium 312
92 Uranium 106
BLANK4
Atomic Numbel Element Energy (keV) Concentration (PPB) Error (PPB)
24 Chromium 320 440 60
26 Iron 1099 8000 4000
1292 14500 580
27 Cobalt 1173 140 20
1332 120 20
30 Zinc 1115 16000 2200
33 Arsenic 559 29 3
34 Selenium 264 140 110
35 Bromine 554 1500 400
777 1400 380
- 48 Cadmium 336 40 40
79 Gold 412 190 30
90 Thorium 312 12 1
92 Uranium 106 6 4
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BLANK5
Concentration (PPB) Error (PPB)
320 70
78000 8200
71000 10000
170 20
160 20
50000 5400
57 6
100 110
950 250
1500 390
60 90
900 60
16 1
15 0
Appendix B.1 (continued)
Atomic Numbel Element Energy (keV)
24 Chromium 320
26 Iron 1099
1292
27 Cobalt 1173
1332
30 Zinc 1115
33 Arsenic 559
34 Selenium 264
35 Bromine 554
777
48 Cadmium 336
79 Gold 412
90 Thorium 312
92 Uranium 106
BLANK6
Atomic Numbel Element Energy (keV) Concentration (PPB) Error (PPB
24 Chromium 320 210 30
26 Iron 1099 15000 2100
1292 12000 2100
27 Cobalt 1173 82 8
1332 21 5
30 Zinc 1115 7600 830
33 Arsenic 559 15 1
264 20 40
35 Bromine 554 990 260
777 1600 420
48 Cadmium 336 30 20
79 Gold 412 250 18
90 Thorium 312 5 2
92 Uranium 106 4 0
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BLANK7
Concentration (PPB) Error (PPB)
3360 110
275000 14000
285000 15000
140 20
120 20
29000 3200
53 5
70 40
970 260
1500 410
80 60
450 30
29 6
15 5
Appendix B.1 (continued)
Atomic Numbel Element Energy (keV)
24 Chromium 320
26 Iron 1099
1292
27 Cobalt 1173
1332
30 Zinc 1115
33 Arsenic 559
34 Selenium 264
35 Bromine 554
777
48 Cadmium 336
79 Gold 412
90 Thorium 312
92 Uranium 106
BLANK8
Atomic Numbel Element Energy (keV) Concentration (PPB) Error (PPB)
24 Chromium 320 80 20
26 Iron 1099 8200 2000
1292 7900 2300
27 Cobalt 1173 64 7
1332 33 6
30 Zinc 1115 48000 5200
33 Arsenic 559 31 3
34 Selenium 264 10 10
35 Bromine 554 1000 270
777 1600 420
- 48 Cadmium 336 40 30
79 Gold 412 200 20
90 Thorium 312 5 2
92 Uranium 106 2 2
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BLANK9
Concentration (PPB) Error (PPB)
220 28
97000 6300
106000 6200
83 11
58 8
8000 1100
29 3
20 20
1300 330
930 250
30 20
290 34
11 3
3 3
Appendix B.1 (continued)
Atomic Numbel Element Energy (keV)
24 Chromium 320
26 Iron 1099
1292
27 Cobalt 1173
1332
30 Zinc 1115
33 Arsenic 559
34 Selenium 264
35 Bromine 554
777
48 Cadmium 336
79 Gold 412
90 Thorium 312
92 Uranium 106
BLANK10
Atomic Numbel Element Energy (keV) Concentration (PPB) Error (PPB)
24 Chromium 320 140 40
26 Iron 1099 48000 7900
1292 30000 6500
27 Cobalt 1173 85 14
1332 76 12
30 Zinc 1115 42000 5800
33 Arsenic 559 61 6
34 Selenium 264 20 40
35 Bromine 554 1400 370
777 1000 270
- 48 Cadmium 336 80 40
79 Gold 412 770 80
90 Thorium 312 13 1
92 Uranium 106 19 0
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B.2 Sample Measurements for Selected Elements for Cambridge Waters
Atomic # Element E (keV)
24 Chromium 320
26 Iron 1099
1292
27 Cobalt 1173
1332
30 Zinc 1115
33 Arsenic 559
34 Selenium 264
35 Bromine 554
777
48 Cadmium 336
79 Gold 412
90 Thorium 312
92 Uranium 106
Conc. (PPB) Error (PPB)
1700 90
530000 31000
560000 29000
3700 210
3700 210
1200000 170000
100 10
30 80
1900 510
1300 360
2200 690
54000 4900
20 10
62 11
Conc. (PPB) Error (PPB)
1400 140
480000 36000
490000 35000
3600 220
3600 220
1200000 170000
64 16
-40 100
700 800
-30 710
2200 730
53000 4900
6 10
55 13
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RAINAIR-BLANKRAINAIR
RAINOVEN RAINOVEN-BLANK
Atomic # Element E (keV) Conc. (PPB) Error (PPB) Conc. (PPB) Error (PPB)
24 Chromium 320 2200 130 1900 180
26 Iron 1099 768000 41800 716000 48000
1292 766000 40500 694000 47000
27 Cobalt 1173 3800 220 3700 240
1332 3800 220 3700 230
30 Zinc 1115 1300000 180000 1300000 180000
33 Arsenic 559 71 7 34 13
34 Selenium 264 50 100 -20 200
35 Bromine 554 1800 460 600 800
777 1300 340 -90 700
48 Cadmium 336 2400 750 2400 800
79 Gold 412 290000 27000 290000 27000
90 Thorium 312 37 2 27 4
92 Uranium 106 57 12 50 10
Appendix B.2 (continued)
Atomic # Element E (keV)
24 Chromium 320
26 Iron 1099
1292
27 Cobalt 1173
1332
30 Zinc 1115
33 Arsenic 559
34 Selenium 264
35 Bromine 554
777
48 Cadmium 336
79 Gold 412
90 Thorium 312
92 Uranium 106
RAINTUBE
Conc. (PPB) Error (PPB)
2100 110
260000 26000
240000 23000
500 58
590 54
86000 9600
50 30
70 100
1600 430
1900 510
200 100
2100 180
30 10
26 1
RAINTUBE-BLANK
Conc. (PPB) Error (PPB)
1800 150
210000 32000
170000 30000
390 72
470 69
65000 12000
20 40
0 200
400 700
600 900
200 200
1800 210
20 10
19 3
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RIVERFILTER RIVERFILTER-BLANK
Atomic # Element E (keV) Conc. (PPB) Error (PPB) Conc. (PPB) Error (PPB)
24 Chromium 320 120 40 -200 90
26 Iron 1099 10000 8000 -42000 14000
1292 23600 930 -48000 7200
27 Cobalt 1173 330 31 210 45
1332 300 25 180 41
30 Zinc 1115 18000 2000 -4000 5000
33 Arsenic 559 50 5 10 10
34 Selenium 264 40 70 -30 100
35 Bromine 554 1400 370 200 700
777 1700 440 300 800
48 Cadmium 336 100 80 50 100
79 Gold 412 100 30 -210 57
90 Thorium 312 15 1 4 3
92 Uranium 106 221 7 214 9
Appendix B.2 (continued)
Atomic # Element E (keV)
24 Chromium 320
26 Iron 1099
1292
27 Cobalt 1173
1332
30 Zinc 1115
33 Arsenic 559
34 Selenium 264
35 Bromine 554
777
48 Cadmium 336
79 Gold 412
90 Thorium 312
92 Uranium 106
RIVERUNFILTER RIVERUNFILTER-BLANK
Conc. (PPB) Error (PPB)
660 90
49000 15000
53000 15000
340 50
260 40
17000 7000
-1 20
-20 100
200 700
400 800
100 100
30000 2300
-6 5
342 12
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Conc. (PPB) Error (PPB)
960 44
100000 9300
130000 8900
460 31
370 24
39000 4300
40 20
50 60
1300 350
1800 470
200 90
30000 2300
4 3
349 9
TAP TAP-BLANK
Atomic # Element E (keV) Conc. (PPB) Error (PPB) Conc. (PPB) Error (PPB)
24 Chromium 320 100 50 -200 100
26 Iron 1099 14000 10000 -40000 20000
1292 24100 950 -48000 7200
27 Cobalt 1173 220 31 100 50
1332 160 21 40 40
30 Zinc 1115 40000 4500 19000 7300
33 Arsenic 559 29 3 -7 9
34 Selenium 264 60 50 -8 100
35 Bromine 554 1600 420 400 700
777 1900 500 500 900
40 Cadmium 336 90 60 40 100
79 Gold 412 550 54 250 80
90 Thorium 312 10 5 -1 7
92 Uranium 106 3 4 -3 6
I
Appendix C
Raw Data of Dissolved Mercury Samples
C.1 At Various pH's
Isotope Hg-197 H -203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml)l 0.50
Top Bottom
Elapse Time (hr:m) 4:54 5:55
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/20/96 15:00
77 279
2694409 108125
1603264 39485
3600 3600
56.176 245.49
110.97 318.97
445.351 10.968
3/20/96 19:54
77 279
1751411 90361
1057098 25791
3600 3600
56.176 245.49
110.97 318.97
293.638 7.164
3/20/96 20:55
77 279
196835 56935
61542 0
3600 3600
56.176 245.49
110.97 318.97
17.095 0.000
pH Sample # 2 Isotope Hg-197 Hg-203
pH varied from: 5.37 E (keV) 77.35 279.118
pH varied to: 5.53 Decay Const (1/d) 0.2596 0.0149
pH = 5.45 Volume (ml) 0.50
Start Pump: 3/20/96 20:00
Stop Pump: 3/20/96 23:32 Top Bottom
Pumping Time (hr:m) 3:32 Elapse Time (hr:m) 7:25 8:26
Hg Tracer Top Resin Bottom Resin
Start Time 3/20/96 16:10 3/20/96 23:35 3/21/96 0:36
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 1193544 77145 889071 72573 174866 56361
Area (counts) 624624 14275 556236 9793 43871 0
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 56.176 245.49 56.176 245.49 56.176 245.49
Right of Region (keV) 110.97 318.97 110.97 318.97 110.97 318.97
Count Rate (area/s) 173.507 3.965 154.510 2.720 12.186 0.000
140
pH Sample # 1
pH varied from: 5.37
pH varied to: 5.57
pH = 5.47
Start Pump: 3/20/96 16:09
Stop Pump: 3/20/96 19:54
Pumping Time (hr:m) 3:45
Hg Tracer Bottom ResinTop Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (1/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
Elapse Time (hr:m) 9:33 11:32
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/20/96 17:19
77 279
1351827 81143
755314 18283
3600 3600
56.176 245.49
110.97 318.97
209.809 5.079
3/21/96 2:52
77 279
563039 65181
318831 6551
3600 3600
56.176 245.49
110.97 318.97
88.564 1.820
3/21/96 4:51
77 279
283744 58797
126184 537
3600 3600
56.176 245.49
110.97 318.97
35.051 0.149
pH Sample #4 Isotope Hg-197 Hg-203
pH varied from: 5.60 E (keV) 77.35 279.118
pH varied to: 5.74 Decay Const (1/d) 0.2596 0.0149
pH = 5.67 Volume (ml) 1 0.50
Start Pump: 3/21/96 2:52
Stop Pump: 3/21/96 5:50 Top Bottom
I Pumping Time (hr:m)I 2:58 I JElapse Time (hr:m) 11:14 13:23
141
pH Sample 4 3
pH varied from: 5.51
pH varied to: 5.65
pH = 5.58
Start Pump: 3/20/96 23:50
Stop Pump: 3/21/96 2:51
Pumping Time (hr:m) 3:01
Bottom ResinHq Tracer
Hg Tracer Top Resin Bottom Resin
Start Time 3/20/96 18:40 3/21/96 5:54 3/21/96 8:03
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 1500557 84924 693650 67503 312563 59115
Area (counts) 876879 20194 411747 8563 145043 785
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 56.176 245.49 56.176 245.49 56.176 245.49
Right of Region (keV) 110.97 318.97 110.97 318.97 110.97 318.97
Count Rate (area/s) 243.578 5.609 114.374 2.379 40.290 0.218
I · I I . , . .
Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top I Bottom
ElaseTime (hr:m) 7:26 10:30
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/21/96 1:38
77 279
1402337 84482
794687 22212
3600 3600
56.176 245.49
110.97 318.97
220.746 6.170
3/21/96 9:04
77 279
578602 64973
333929 5833
3600 3600
56.176 245.49
110.97 318.97
92.758 1.620
3/21/96 12:08
77 279
311904 59228
144099 0
3600 3600
56.176 245.49
110.97 318.97
40.028 0.000
pH Sample # 6 Isotope Hg-197 H -203
pH varied from: 5.70 E (keV) 77.35 279.118
pH varied to: 5.90 Decay Const (1/d) 0.2596 0.0149
pH = 5.80 Volume (ml) 0.50
Start Pump: 3/21/96 8:59
Stop Pump: 3/21/96 12:27 Top I Bottom
Pumping Time (hr:m) 3:28 Elapse Time (hr:m) 6:14 9:46
Hg Tracer Top Resin Bottom Resin
Start Time 3/21/96 6:55 3/21/96 13:09 3/21/96 16:41
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 1307810 83506 908559 74273 197981 54756
Area (counts) 725344 20916 576871 13793 62373 0
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 56.176 245.49 56.176 245.49 56.176 245.49
Right of Region (keV) 110.97 318.97 110.97 318.97 110.97 318.97
Count Rate (area/s) 201.484 5.810 160.242 3.831 17.326 0.000
142
pH Sample # 5
pH varied from: 5.74
pH varied to: 5.86
pH = 5.80
Start Pump: 3/21/96 5:52
Stop Pump: 3/21/96 8:57
Pumping Time (hr:m) 3:05
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
Elapse Time (hr:m) 8:54 10:03
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/21/96 10:06
77 279
792796 67287
491536 7397
3600 3600
56.176 245.49
110.97 318.97
136.538 2.055
3/21/96 19:00
77 279
800883 70015
486318 8645
3600 3600
56.176 245.49
110.97 318.97
135.088 2.401
3/21/96 20:09
77 279
226004 57093
83504 0
3600 3600
56.176 245.49
110.97 318.97
23.196 0.000
pH Sample # 8 Isotope Hg-197 Hg-203
pH varied from: 6.10 E (keV) 77.35 279.118
pH varied to: 6.18 Decay Const (1/d) 0.2596 0.0149
pH = 6.14 Volume (ml) 0.50
Start Pump: 3/21/96 16:43
Stop Pump: 3/21/96 20:07 Top Bottom
Pumping Time (hr:m) 3:24 Elapse Time (hr:m) 6:33 7:35
Hg Tracer Top Resin Bottom Resin
Start Time 3/21/96 15:40 3/21/96 22:13 3/21/96 23:15
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 1063965 77188 799682 69841 179533 55763
Area (counts) 623757 13908 492309 9361 49490 0
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 56.176 245.49 56.176 245.49 56.176 245.49
Right of Region (keV) 110.97 318.97 110.97 318.97 110.97 318.97
Count Rate (area/s) 173.266 3.863 136.753 2.600 13.747 0.000
143
pH Sample # 7
pH varied from: 6.02
pH varied to: 6.14
pH = 6.08
Start Pump: 3/21/96 12:32
Stop Pump: 3/21/96 15:39
Pumping Time (hr:m) 3:07
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
Elapse Time (hr:m) 7:44 8:45
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/21/96 17:52
77 279
1062463 76598
619243 14028
3600 3600
56.176 245.49
110.97 318.97
172.012 3.897
3/22/96 1:36
77 279
704567 69135
422439 8805
3600 3600
56.176 245.49
110.97 318.97
117.344 2.446
3/22/96 2:37
77 279
190497 55624
57289 0
3600 3600
56.176 245.49
110.97 318.97
15.914 0.000
pH Sample # 1 0 Isotope Hg-197 Hg-203
pH varied from: 6.13 E (keV) 77.35 279.118
pH varied to: 6.26 Decay Const (1/d) 0.2596 0.0149
pH = 6.20 Volume (ml) 0.50
Start Pump: 3/22/96 1:37
Stop Pump: 3/22/96 6:22 Top Bottom
Pumping Time (hr:m) 4:45 Elapse Time (hr:m) 9:36 21:54
Hg Tracer Top Resin Bottom Resin
Start Time 3/21/96 21:10 3/22/96 6:46 3/22/96 19:04
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 1024408 75860 673000 72189 215409 53718
Area (counts) 624628 11770 325300 8359 69954 0
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 56.176 245.49 56.176 229.29 56.176 245.49
Right of Region (keV) 110.97 318.97 110.97 302.78 110.97 318.97
Count Rate (area/s) 173.508 3.269 90.361 2.322 19.432 0.000
144
pH Sample # 9
pH varied from: 5.94
pH varied to: 6.08
pH = 6.01
Start Pump: 3/21/96 20:29
Stop Pump: 3/22/96 1:34
Pumping Time (hr:m) 5:05
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 H -203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
ElapseTime (hr:m) 10:53 13:08
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/22/96 0:15
77 279
993619 76152
623171 15112
3600 3600
56.176 245.49
110.97 329.97
173.103 4.198
3/22/96 11:08
77 279
652689 68653
385966 8883
3600 3600
56.176 245.49
110.97 318.97
107.213 2.468
3/22/96 13:23
77 279
196385 52385
62637 0
3600 3600
56.176 245.49
110.97 318.97
17.399 0.000
pH Sample # 1 2 Isotope H -197 Hg-203
pH varied from: 6.52 E (keV) 77.35 279.118
pH varied to: 6.61 Decay Const (1/d) 0.2596 0.0149
pH = 6.57 Volume (ml) 0.50
Start Pump: 3/22/96 11:40
Stop Pump: 3/22/96 15:41 Top Bottom
Pumping Time (hr:m) 4:01 Elapse Time (hr:m) 9:57 12:19
Hg Tracer Top Resin Bottom Resin
Start Time 3/22/96 5:44 3/22/96 15:41 3/22/96 18:03
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 943554 83698 669536 66775 240584 54282
Area (counts) 542304 14933 374591 5525 88919 0
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 56.176 226.8 56.176 245.49 56.176 245.49
Right of Region (keV) 110.97 304.02 110.97 318.97 110.97 318.97
Count Rate (area/s) 150.640 4.148 104.053 1.535 24.700 0.000
145
pH Sample # 11
pH varied from: 6.35
pH varied to: 6.49
pH = 6.42
Start Pump: 3/22/96 6:24
Stop Pump: 3/22/96 10:58
Pumping Time (hr:m)l 4:34
Bottom ResinTop ResinHa Tracer
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (1/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
Elapse Time (hr:m) 5:31 6:35
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/22/96 16:50
77 279
865974 80743
509814 16013
3600 3600
56.176 229.29
110.97 302.78
141.615 4.448
3/22/96 22:21
77 279
618571 73999
337148 10219
3600 3600
56.176 229.29
110.97 302.78
93.652 2.839
3/22/96 23:25
77 279
207572 60575
66954 0
3600 3600
56.176 229.29
110.97 302.78
18.598 0.000
pH Sample 4 14 Isotope Hg-197 Hg-203
pH varied from: 6.49 E (keV) 77.35 279.118
pH varied to: 6.66 Decay Const (1l/d) 0.2596 0.0149
pH = 6.58 Volume (ml) 0.50
Start Pump: 3/22/96 21:54
Stop Pump: 3/23/96 1:28 Top Bottom
Pumping Time (hr:m) 3:34 Elapse Time (hr:m) 5:53 6:55
Hg Tracer Top Resin Bottom Resin
Start Time 3/22/96 20:08 3/23/96 2:01 3/23/96 3:03
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 832619 80129 653602 75589 206312 59674
Area (counts) 483171 15239 368714 11269 62724 0
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 56.176 229.29 56.176 229.29 56.176 229.29
Right of Region (keV) 110.97 302.78 110.97 302.78 110.97 302.78
Count Rate (area/s) 134.214 4.233 102.421 3.130 17.423 0.000
146
pH Sample # 13
pH varied from: 6.39
pH varied to: 6.51
pH = 6.45
Start Pump: 3/22/96 18:09
Stop Pump: 3/22/96 21:52
Pumping Time (hr:m) 3:43
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
ElaseTime (hr:m) 14:32 16:34
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/22/96 21:18
77 279
798444 78979
460307 13239
3600 3600
56.176 229.29
110.97 302.78
127.863 3.678
3/23/96 11:50
77 279
542001 73157
290646 8677
3600 3600
56.176 229.29
110.97 302.78
80.735 2.410
3/23/96 13:52
77 279
215347 60904
69652 454
3600 3600
56.176 229.29
110.97 302.78
19.348 0.126
pH Sample # 1 6 Isotope Hg-197 Hg-203
pH varied from: 6.72 E (keV) 77.35 279.118
pH varied to: 6.83 Decay Const (1/d) 0.2596 0.0149
pH = 6.78 Volume (ml) 0.50
Start Pump: 3/23/96 5:02
Stop Pump: 3/23/96 11:47 Top Bottom
Pumping Time (hr:m) 6:45 Elapse Time (hr:m) 11:52 14:00
Hg Tracer Top Resin Bottom Resin
Start Time 3/23/96 0:59 3/23/96 12:51 3/23/96 14:59
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 786010 78552 581011 74249 178853 59026
Area (counts) 449125 14982 313441 11009 44678 0
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 56.176 229.29 56.176 229.29 56.176 229.29
Right of Region (keV) 110.97 302.78 110.97 302.78 110.97 302.78
Count Rate (area/s) 124.757 4.162 87.067 3.058 12.411 0.000
147
pH Sample # 15
pH varied from: 6.78
pH varied to: 6.83
pH = 6.81
Start Pump: 3/23/96 1:30
Stop Pump: 3/23/96 4:56
Pumping Time (hr:m) 3:26
Bottom ResinTop ResinHq Tracer
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
Elapse Time (hr:m) 11:55 16:46
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/23/96 4:06
77 279
773780 79272
437750 14972
3600 3600
56.176 229.29
110.97 302.78
121.597 4.159
3/23/96 16:01
77 279
578963 74615
315683 9875
3600 3600
56.176 229.29
110.97 302.78
87.690 2.743
3/23/96 20:52
77 279
166804 60625
39581 0
3600 3600
56.176 229.29
110.97 302.78
10.995 0.000
pH Sample # 18 Isotope Hg-197 Hg-203
pH varied from: 6.95 E (keV) 77.35 279.118
pH varied to: 7.09 Decay Const (1/d) 0.2596 0.0149
pH = 7.02 Volume (ml) 0.50
Start Pump: 3/23/96 16:01
Stop Pump: 3/23/96 18:56 Top Bottom
Pumping Time (hr:m) 2:55 Elapse Time (hr:m) 14:37 17:00
Hg Tracer Top Resin Bottom Resin
Start Time 3/23/96 5:09 3/23/96 19:46 3/23/96 22:09
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 812051 80646 616164 77186 185716 61592
Area (counts) 465183 15346 343359 11146 52681 0
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 56.176 229.29 56.176 229.29 56.176 229.29
Right of Region (keV) 110.97 302.78 110.97 302.78 110.97 302.78
Count Rate (area/s) 129.218 4.263 95.378 3.096 14.634 0.000
148
pH Sample # 1 7
pH varied from: 6.95
pH varied to: 7.11
pH = 7.03
Start Pump: 3/23/96 12:12
Stop Pump: 3/23/96 15:52
Pumping Time (hr:m) 3:40
Bottom ResinHq Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
Elapse Time (hr:m) 6:48 10:33
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/23/96 17:30
77 279
687072 78516
383029 13546
3600 3600
56.176 229.29
110.97 302.78
106.397 3.763
3/24/96 0:18
77 279
534784 74954
299231 9174
3600 3600
56.176 229.29
110.97 302.78
83.120 2.548
3/24/96 4:03
77 279
179164 61465
48844 0
3600 3600
56.176 229.29
110.97 302.78
13.568 0.000
pH Sample 4# 20 Isotope Hg-197 Hg-203
pH varied from: 7.32 E (keV) 77.35 279.118
pH varied to: 7.48 Decay Const (l/d) 0.2596 0.0149
pH = 7.40 Volume (ml) 0.50
Stop Pump: 3/24/96 4:02 Top Bottom
Pum
ping Time 
(hr:m) 
4:31
jElapse Time 
(hr:m)j 17:56
| 19:02
149
pH Sample f 19
pH varied from: 7.17
pH varied to: 7.35
pH = 7.26
Start Pump: 3/23/96 19:06
Stop Pump: 3/23/96 23:13
Pumping Time (hr:m) 4:07
Bottom ResinHg Tracer
Start Pump: 3/23/96 23:31
Hg Tracer Top Resin Bottom Resin
Start Time 3/23/96 18:38 3/24/96 12:34 3/24/96 13:40
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 674280 78514 516759 78243 169713 62311
Area (counts) 377385 13224 289254 7293 43548 0
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 56.176 229.29 56.176 229.29 56.176 229.29
Right of Region (keV) 110.97 302.78 110.97 302.78 110.97 302.78
Count Rate (area/s) 104.829 3.673 80.348 2.026 12.097 0.000
I - I I r · · .
Top Resin
Appendix C.1 (continued)
Isotope Hg-197 H -203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
Elapse Time (hr:m) 17:55 23:35
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/23/96 23:16
77 279
657306 80697
385806 12467
3600 3600
56.176 229.29
110.97 302.78
107.168 3.463
3/24/96 17:11
77 279
468635 75892
253362 7322
3600 3600
56.176 229.29
110.97 302.78
70.378 2.034
3/24/96 22:51
77 279
166680 63004
42847 0
3600 3600
56.176 229.29
110.97 302.78
11.902 0.000
pH Sample # 22 Isotope Hg-197 H -203
pH varied from: 7.71 E (keV) 77.35 279.118
pH varied to: 7.81 Decay Const (1/d) 0.2596 0.0149
pH = 7.76 Volume (ml) 0.50
Start Pump: 3/24/96 12:33
Stop Pump: 3/24/96 17:53 Top I Bottom
Pumping Time (hr:m) 5:20 Elapse Time (hr:m) 10:18 7:43
Hg Tracer Top Resin Bottom Resin
Start Time 3/24/96 11:31 3/24/96 21:49 3/24/96 19:14
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 594328 80278 461803 76391 186262 62838
Area (counts) 347405 9608 251473 7511 54022 0
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 56.176 229.29 56.176 229.29 56.176 229.29
Right of Region (keV) 110.97 302.78 110.97 302.78 110.97 302.78
Count Rate (area/s) 96.501 2.669 69.854 2.086 15.006 0.000
150
pH Sample # 21
pH varied from: 7.50
pH varied to: 7.69
pH = 7.60
Start Pump: 3/24/96 4:18
Stop Pump: 3/24/96 11:25
Pumping Time (hr:m) 7:07
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (1/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
Ease Time (hr:m) 9:48 22:12
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/24/96 16:10
77 279
574428 80060
331158 10450
3600 3600
56.176 229.29
110.97 302.78
91.988 2.903
3/25/96 1:58
77 279
426373 74995
225658 6675
3600 3600
56.176 229.29
110.97 302.78
62.683 1.854
3/25/96 14:22
77 279
73922 33408
14252 0
1800 1800
56.176 229.29
110.97 302.78
7.918 0.000
pH Sample # 24 isotope Hg-197 Hg-203
pH varied from: 8.15 E (keV) 77.35 279.118
pH varied to: 8.33 Decay Const (1/d) 0.2596 0.0149
pH = 8.24 Volume (ml) 0.50
Start Pump: 3/24/96 20:15
Stop Pump: 3/24/96 23:12 Top Bottom
Pumping Time (hr:m) 2:57 Elapse Time (hr:m) 7:50 22:17
Hg Tracer Top Resin Bottom Resin
Start Time 3/24/96 18:13 3/25/96 2:03 3/25/96 16:30
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 566422 79976 458585 77683 77290 33458
Area (counts) 320602 13496 251097 7343 19510 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 56.176 229.29 56.176 229.29 56.176 229.29
Right of Region (keV) 110.97 302.78 110.97 302.78 110.97 302.78
Count Rate (area/s)l 89.056 3.749 69.749 2.040 10.839 0.000
pH Sample 4 23
pH varied from: 7.93
pH varied to: 8.06
pH = 8.00
Start Pump: 3/24/96 17:12
Stop Pump: 3/24/96 20:14
Pumping Time (hr:m) 3:02
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top I Bottom
Elapse Time (hr:m) 9:37 20:44
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/24/96 20:17
77 279
550871 80588
311681 11838
3600 3600
56.176 229.29
110.97 302.78
86.578 3.288
3/25/96 5:54
77 279
409036 68508
212296 8498
3600 3600
56.176 245.49
110.97 318.97
58.971 2.361
3/25/96 17:01
77 279
78261 30218
17916 0
1800 1800
56.176 245.49
110.97 318.97
9.953 0.000
pH Sample # 26 Isotope Hg-197 Hg-203
pH varied from: 8.74 E (keV) 77.35 279.118
pH varied to: 8.80 Decay Const (1/d) 0.2596 0.0149
pH = 8.77 Volume (ml) 0.50
Start Pump: 3/25/96 2:30
Stop Pump: 3/25/96 5:27 Top Bottom
Pumping Time (hr:m) 2:57 Elapse Time (hr:m) 11:15 21:36
Hg Tracer Top Resin Bottom Resin
Start Time 3/24/96 23:54 3/25/96 11:09 3/25/96 21:30
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 543153 80792 428429 70939 84025 30395
Area (counts) 310353 12692 228734 11029 21325 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 56.176 229.29 56.176 245.49 56.176 245.49
Right of Region (keV) 110.97 302.78 110.97 318.97 110.97 318.97
Count Rate (area/s) 86.209 3.526 63.537 3.064 11.847 0.000
152
pH Sample # 25
pH varied from: 8.41
pH varied to: 8.60
pH = 8.51
Start Pump: 3/24/96 23:20
Stop Pump: 3/25/96 2:29
Pumping Time (hr:m) 3:09
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
ElapseTime (hr:m) 9:05 19:58
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/25/96 3:05
77 279
532298 75231
302265 14021
3600 3600
56.176 245.49
110.97 318.97
83.963 3.895
3/25/96 12:10
77 279
437344 72060
231559 11360
3600 3600
56.176 245.49
110.97 318.97
64.322 3.156
3/25/96 23:03
77 279
86739 30948
22981 67
1800 1800
56.176 245.49
110.97 318.97
12.767 0.037
pH Sample # 28 Isotope Hg-197 Hg-203
pH varied from: 9.51 E (keV) 77.35 279.118
pH varied to: 9.54 Decay Const (l/d) 0.2596 0.0149
I pH =1 9.53 VI olume (ml) 0.50
Start Pump: 3/25/96 14:21
Stop Pump: 3/25/96 17:01 Top Bottom
I Pumping Time (hr:m)1 2:40 IElapse Time (hr:m) 4:20 1 10:22
153
pH Sample # 27
pH varied from: 8.91
pH varied to: 9.10
pH = 9.01
Start Pump: 3/25/96 5:49
Stop Pump: 3/25/96 11:06
Pumping Time (hr:m) 5:17
Bottom Resin
Hg Tracer Top Resin Bottom Resin
Start Time 3/25/96 13:12 3/25/96 17:32 3/25/96 23:34
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 497288 71211 390806 66810 77745 27021
Area (counts) 273795 13741 202083 9730 17827 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 61.158 260.43 61.158 260.43 61.158 260.43
Right of Region (keV) 115.95 333.91 115.95 333.91 115.95 333.91
Count Rate (area/s) 76.054 3.817 56.134 2.703 9.904 0.000
Hg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
Elapse Time (hr:m) 6:02 10:41
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/25/96 14:26
77 279
478326 71010
263113 12640
3600 3600
61.158 260.43
115.95 333.91
73.087 3.511
3/25/96 20:28
77 279
394126 68806
200791 10006
3600 3600
61.158 260.43
115.95 333.91
55.775 2.779
3/26/96 1:07
77 279
79868 26940
20085 0
1800 1800
61.158 260.43
115.95 333.91
11.158 0.000
pH Sample # 30 Isotope Hg-197 Hg-203
pH varied from: 10.48 E (keV) 77.35 279.118
pH varied to: 10.49 Decay Const (l/d) 0.2596 0.0149
pH = 10.49 Volume (ml) 0.50
Start Pump: 3/25/96 20:29
Stop Pump: 3/25/96 23:58 Top Bottom
Pumping Time (hr:m) 3:29 Elapse Time (hr:m) 4:38 7:26
Hg Tracer Top Resin Bottom Resin
Start Time 3/25/96 19:27 3/26/96 0:05 3/26/96 2:53
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 474987 72243 396128 68865 76906 26900
Area (counts) 258574 13063 206535 10995 17251 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 61.158 260.43 61.158 260.43 61.158 260.43
Right of Region (keV) 115.95 333.91 115.95 333.91 115.95 333.91
Count Rate (area/s) 71.826 3.629 57.371 3.054 9.584 0.000
154
pH Sample 4 29
pH varied from: 10.06
pH varied to: 10.08
pH = 10.07
Start Pump: 3/25/96 17:06
Stop Pump: 3/25/96 19:55
Pumping Time (hr:m) 2:49
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (1/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
Elase Time (hr:m) 5:22 7:25
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/25/96 22:02
77 279
459571 72297
248611 13237
3600 3600
61.158 260.43
115.95 333.91
69.059 3.677
3/26/96 3:24
77 279
375092 67715
189624 9945
3600 3600
61.158 260.43
115.95 333.91
52.673 2.763
3/26/96 5:27
77 279
77551 26536
17918 0
1800 1800
61.158 260.43
115.95 333.91
9.954 0.000
pH Sample 4 32 Isotope Hg-197 Hg-203
pH varied from: 11.45 E (keV) 77.35 279.118
pH varied to: 11.45 Decay Const (1/d) 0.2596 0.0149
pH = 11.45 Volume (ml)I 0.50
Start Pump: 3/26/96 3:00
Stop Pump: 3/26/96 6:14 Top Bottom
Pumping Time (hr:m)l 3:14 1 jElapse Time (hr:m) 8:45 19:16
155
pH Sample # 31
pH varied from: 11.05
pH varied to: 11.05
pH = 11.05
Start Pump: 3/26/96 0:00
Stop Pump: 3/26/96 2:56
Pumping Time (hr:m) 2:56
Top Resin
Hg Tracer Top Resin Bottom Resin
Start Time 3/26/96 1:39 3/26/96 10:24 3/26/96 20:55
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 443449 70681 327771 75273 88334 31213
Area (counts) 238841 13241 116346 6923 15629 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 61.158 260.43 56.176 213.1 56.176 213.1
Right of Region (keV) 115.95 333.91 110.97 286.59 110.97 286.59
Count Rate (area/s) 66.345 3.678 32.318 1.923 8.683 0.000
Hg Tracer Bottom Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
Elapse Time (hr:m) 8:21 17:18
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/26/96 4:26
77 279
436240 71192
230063 11712
3600 3600
61.158 260.43
115.95 333.91
63.906 3.253
3/26/96 12:47
77 279
329863 74935
100153 5295
3600 3600
56.176 213.1
110.97 286.59
27.820 1.471
3/26/96 21:44
77 279
88187 31194
16599 0
1800 1800
56.176 213.1
110.97 286.59
9.222 0.000
pH Sample # 34 Isotope Hg-197 Hg-203
pH varied from: 5.19 E (keV) 77.35 279.118
pH varied to: 5.30 Decay Const (l/d) 0.2596 0.0149
pH = 5.25 Volume (ml) 0.50
Start Pump: 3/26/96 10:40
Stop Pump: 3/26/96 13:50 Top Bottom
Pumping Time (hr:m) 3:10 Elapse Time (hr:m) 10:15 16:29
Hg Tracer Top Resin Bottom Resin
Start Time 3/26/96 5:59 3/26/96 16:14 3/26/96 22:28
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 436557 76038 288083 71655 94759 31152
Area (counts) 224442 11648 78345 3775 17524 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 61.158 245.49 56.176 213.1 56.176 213.1
Right of Region (keV) 115.95 318.97 110.97 286.59 110.97 286.59
Count Rate (area/s) 62.345 3.236 21.763 1.049 9.736 0.000
156
pH Sample # 33
pH varied from: 5.13
pH varied to: 5.24
pH = 5.19
Start Pump: 3/26/96 6:17
Stop Pump: 3/26/96 10:20
Pumping Time (hr:m)l 4:03
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 HS-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.50
Top Bottom
Elapse Time (hr:m) 12:07 11:36
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
Hg Tracer
3/26/96 11:29
77 279
415217 81951
147429 13471
3600 3600
56.176 213.10
110.97 286.59
40.953 3.742
Top Resin
3/26/96 23:36
77 279
259941 67512
57291 1582
3600 3600
56.176 213.1
110.97 286.59
15.914 0.439
Bottom Resin
3/26/96 23:05
77 279
90180 30147
11115 0
1800 1800
56.176 213.1
110.97 286.59
6.175 0.000
IH Sample # 36 Isotope Hq-197 H-203
pH varied from: 4.89 E (keV) 77.35 279.118
pH varied to: 4.98 Decay Const (l/d) 0.2596 0.0149
pH = 4.94 Volume (ml) 0.75
Start Pump: 3/26/96 16:35
Stop Pump: 3/26/96 19:03 Top Bottom
Pumping Time (hr:m)1 2:28 _ Elapse Time (hr:m) 9:42 4:25
Hg Tracer Top Resin Bottom Resin
Start Time 3/26/96 14:59 3/27/96 0:41 3/27/96 19:24
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 462364 84888 362362 81985 89212 33135
Area (counts) 160189 15378 94987 10285 16087 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 56.176 213.10 56.176 204.38 56.176 204.38
Right of Region (keV) 110.97 286.59 110.97 277.87 110.97 277.87
Count Rate (area/s)l 44.497 4.272 26.385 2.857 8.937 0.000
157
pH Sample # 35
pH varied from: 5.03
pH varied to: 5.13
pH = 5.08
Start Pump: 3/26/96 13:52
Stop Pump: 3/26/96 16:34
Pumping Time (hr:m) 2:42
Appendix C.1 (continued)
Isotope Hg-197 H,-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.75
Top Bottom
Elapse Time (hr:m) 0:58 4:54
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/26/96 17:21
77 279
494843 88073
151973 15823
3600 3600
56.176 213.10
110.97 286.59
42.215 4.395
3/27/96 18:19
77 279
377149 88095
95486 16645
3600 3600
56.176 204.38
110.97 277.87
26.524 4.624
3/27/96 22:15
77 279
89862 33153
17089 0
1800 1800
56.176 204.38
110.97 277.87
9.494 0.000
pH Sample 4 38 Isotope Hg-197 Hg-203
pH varied from: 4.75 E (keV) 77.35 279.118
pH varied to: 4.83 Decay Const (1/d) 0.2596 0.0149
pH = 4.79 Volume (ml) 0.75
Start Pump: 3/27/96 8:59
Stop Pump: 3/27/96 11:15 Top Bottom
Pumping Time (hr:m) 2:16 Ela se Time (hr:m) 4:03 7:06
Hg Tracer Top Resin Bottom Resin
Start Time 3/27/96 7:48 3/27/96 11:51 3/27/96 14:54
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 454704 92870 411926 90488 177440 66986
Area (counts) 142862 18925 120820 17198 30165 0
Time (s) 3600 3600 3600 3600 3600 1800
Left of Region (keV) 56.176 204.38 56.176 204.38 56.176 204.38
Right of Region (keV) 110.97 277.87 110.97 277.87 110.97 277.87
Count Rate (area/s) 39.684 5.257 33.561 4.777 8.379 0.000
158
pH Sample # 37
pH varied from: 4.75
pH varied to: 4.83
pH = 4.79
Start Pump: 3/26/96 19:35
Stop Pump: 3/26/96 22:28
Pumping Time (hr:m) 2:53
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 H1-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.75
Top Bottom
ElaseTime (hr:m) 10:18 12:01
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/27/96 10:49
77 279
446649 92911
135376 18351
3600 3600
56.176 204.38
110.97 277.87
37.604 5.098
3/27/96 21:07
77 279
353068 85084
85873 11134
3600 3600
56.176 204.38
110.97 277.87
23.854 3.093
3/27/96 22:50
77 279
89855 32951
15575 0
1800 1800
56.176 204.38
110.97 277.87
8.653 0.000
pH Sample #1 40 Isotope Hg-197 Hg-203
pH varied from: 4.46 E (keV) 77.35 279.118
pH varied to: 4.52 Decay Const (1/d) 0.2596 0.0149
pH = 4.49 Volume (ml) 0.75
Stop Pump: 3/27/96 17:18 Top Bottom
Pumping Time (hr:m)j 2:25 ElaseTime (hr:m) 9:30 12:53
Hg Tracer Top Resin Bottom Resin
Start Time 3/27/96 13:51 3/27/96 23:21 3/28/96 2:44
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 441497 93916 370646 87887 90466 33095
Area (counts) 126204 18596 89388 14327 14251 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 56.176 204.38 56.176 204.38 56.176 204.38
Right of Region (keV) 110.97 277.87 110.97 277.87 110.97 277.87
Count Rate (area/s) 35.057 5.166 24.830 3.980 7.917 0.000
159
pH Sample # 39
pH varied from: 4.55
pH varied to: 4.60
pH = 4.58
Start Pump: 3/27/96 11:53
Stop Pump: 3/27/96 14:34
Pumping Time (hr:m) 2:41
Bottom ResinHg Tracer
Start Pump: 3/27/96 14:53
I
Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (1/d) 0.2596 0.0149
Volume (ml) 0.75
Top Bottom
Elapse Time (hr:m) 7:09 11:14
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/27/96 17:14
77 279
427387 93238
106874 19378
3600 3600
56.176 204.38
110.97 277.87
29.687 5.383
3/28/96 0:23
77 279
352778 85631
83385 11601
3600 3600
56.176 204.38
110.97 277.87
23.163 3.223
3/28/96 4:28
77 279
90602 33380
15909 0
1800 1800
56.176 204.38
110.97 277.87
8.838 0.000
pH Sample #1 42 Isotope Hg-197 Hq-203
pH varied from: 4.35 E (keV) 77.35 279.118
pH varied to: 4.40 Decay Const (1/d) 0.2596 0.0149
pH = 4.38 1 Volume (ml)l 0.75
Stop Pump: 3/27/96 23:20 Top Bottom
| Pumping Time (hr:m
) 
2:11 
Ela
pse Time 
(hr:m) 
7:27
| 
17:41
160
pH Sample 4 41
pH varied from: 4.59
pH varied to: 4.66
pH = 4.63
Start Pump: 3/27/96 18:16
Stop Pump: 3/27/96 21:04
Pumping Time (hr:m) 2:48
Bottom Resin
I Y q
SI I
Start Pump: 3/27/96 21:09
Hg Tracer Top Resin Bottom Resin
Start Time 3/27/96 19:59 3/28/96 3:26 3/28/96 13:40
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 415149 92282 376266 91052 71964 26639
Area (counts) 105129 16922 97033 15572 13751 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 56.176 204.38 56.176 204.38 56.176 260.43
Right of Region (keV) 110.97 277.87 110.97 277.87 110.97 333.91
Count Rate (area/s)l 29.203 4.701 26.954 4.326 7.639 0.000
I
Hq Tracer Top) Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (1/d) 0.2596 0.0149
Volume (ml) 0.75
Top Bottom
ElaseTime (hr:m) 10:01 13:51
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/28/96 1:26
77 279
394518 90357
97240 17337
3600 3600
56.176 204.38
110.97 277.87
27.011 4.816
3/28/96 11:27
77 279
336721 87756
85583 14996
3600 3600
56.176 204.38
110.97 277.87
23.773 4.166
3/28/96 15:17
77 279
74850 27270
16567 0
1800 1800
61.158 260.43
115.95 333.91
9.204 0.000
pH Sample 4 44 Isotope Hg-197 Hg-203
pH varied from: 4.09 E (keV) 77.35 279.118
pH varied to: 4.10 Decay Const (1/d) 0.2596 0.0149
I pH = 4.10 Volume (ml)I 0.75
Start Pump: 3/28/96 11:25
Stop Pump: 3/28/96 13:54 Top Bottom
Pumping Time (hr:m)I 2:29 ElapseTime (hr:m 9:09 12:07
Hg Tracer Top Resin Bottom Resin
Start Time 3/28/96 5:03 3/28/96 14:12 3/28/96 17:10
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 398995 93938 348025 75881 74460 27454
Area (counts) 105872 19288 172772 18991 15727 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 56.176 204.38 61.158 260.43 61.158 260.43
Right of Region (keV) 110.97 277.87 115.95 333.91 115.95 333.91
Count Rate (area/s) 29.409 5.358 47.992 5.275 8.737 0.000
161
pH Sample # 43
pH varied from: 4.15
pH varied to: 4.17
pH = 4.16
Start Purnp: 3/28/96 2:47
Stop Pump: 3/28/96 5:18
Pumping Time (hr:m) 2:31
Bottom Resin
I I
Hg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.75
Top Bottom
Elase Time (hr:m) 7:15 10:41
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/28/96 12:35
77 279
390370 72729
184172 12259
3600 3600
56.176 260.43
110.97 333.91
51.159 3.405
3/28/96 19:50
77 279
334051 76081
164513 15061
3600 3600
61.158 260.43
115.95 333.91
45.698 4.184
3/28/96 23:16
77 279
75845 27262
17097 0
1800 1800
61.158 260.43
115.95 333.91
9.498 0.000
pH Sample # 46 1 Isotope Hg-197 Hg-203
pH varied from: 4.04 E (keV) 77.35 279.118
pH varied to: 4.05 Decay Const (1/d) 0.2596 0.0149
pH = 4.05 Volume (ml) 0.75
Start Pump: 3/28/96 17:06
Stop Pump: 3/28/96 19:42 Top Bottom
Pumping Time (hr:m) 2:36 Elapse Time (hr:m 5:57 10:29
Hg Tracer Top Resin Bottom Resin
Start Time 3/28/96 16:05 3/28/96 22:02 3/29/96 2:34
Peaks (keV) 77 279 77 279 77 ? 279
Integral (counts) 373445 79609 335908 76311 75574 27026
Area (counts) 188210 17929 160138 16141 15641 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 61.158 260.43 61.158 260.43 61.158 260.43
Right of Region (keV) 115.95 333.91 115.95 333.91 115.95 333.91
Count Rate (area/s) 52.281 4.980 44.483 4.484 8.689 0.000
162
pH Sample #1 45
pH varied from: 4.21
pH varied to: 4.25
pH = 4.23
Start Pump: 3/28/96 13:57
Stop Pump: 3/28/96 16:41
Pumping Time (hr:m) 2:44
Top Resin
I I I
I I 1
Hg Tracer Bottom Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.75
Top Bottom
Ela seTime (hr:m) 6:37 9:28
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/28/96 17:46
77 279
379242 80577
192439 18987
3600 3600
61.158 260.43
115.95 333.91
53.455 5.274
3/29/96 0:23
77 279
329356 76192
154636 16212
3600 3600
61.158 260.43
115.95 333.91
42.954 4.503
3/29/96 3:14
77 279
77725 27364
17702 0
1800 1800
61.158 260.43
115.95 333.91
9.834 0.000
pH Sample #4 48 Isotope Hg-197 Hg-203
pH varied from: 3.77 E (keV) 77.35 279.118
pH varied to: 3.77 Decay Const (ld) 0.2596 0.0149
pH= 3.77 Volume (ml) 0.75
Start Pump: 3/28/96 22:21
Stop Pump: 3/29/96 0:16 Top Bottom
Pumping Time (hr:m) 1:55 Elapse Time (hr:m) 6:50 7:51
Hg Tracer Top Resin Bottom Resin
Start Time 3/28/96 20:58 3/29/96 3:48 3/29/96 4:49
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 364247 79488 319553 75614 76674 27428
Area (counts) 182724 18698 151485 15304 16216 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 61.158 260.43 61.158 260.43 61.158 260.43
Right of Region (keV) 115.95 333.91 115.95 333.91 115.95 333.91
Count Rate (area/s) 50.757 5.194 42.079 4.251 9.009 0.000
163
pH Sample 1 47
pH varied from: 3.78
pH varied to: 3.78
pH = 3.78
Start Pump: 3/28/96 19:47
Stop Pump: 3/28/96 21:59
Pumping Time (hr:m) 2:12
Bottom ResinHa Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml)ý 0.75
Top Bottom
ElaseTime (hr:m) 7:55 9:32
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/29/96 1:29
77 279
360573 80365
178600 20595
3600 3600
61.158 260.43
115.95 333.91
49.611 5.721
3/29/96 9:24
77 279
315883 77998
147440 16368
3600 3600
61.158 260.43
115.95 333.91
40.956 4.547
3/29/96 11:01
77 279
157240 55786
35387 0
3600 3600
61.158 260.43
115.95 333.91
9.830 0.000
pH Sample # 50 Isotope Hg-197 Hg-203
pH varied from: 3.68 E (keV) 77.35 279.118
pH varied to: 3.68 Decay Const (1/d) 0.2596 0.0149
pH = 3.68 Volume (ml) 0.75
Start Pump: 3/29/96 11:16
Stop Pump: 3/29/96 13:28 Top I Bottom
Pumping Time (hr:m) 2:12 Elapse Time (hr:m) 10:16 16:24
Hg Tracer Top Resin Bottom Resin
Start Time 3/29/96 5:23 3/29/96 15:39 3/29/96 21:47
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 353301 80230 299086 75904 73528 31438
Area (counts) 174433 19910 134551 12614 16085 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 61.158 260.43 56.176 229.29 56.176 229.29
Right of Region (keV) 115.95 333.91 110.97 302.78 110.97 302.78
Count Rate (area/s) 48.454 5.531 37.375 3.504 8.936 0.000
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pH Sample # 49
pH varied from: 3.59
pH varied to: 3.59
pH = 3.59
Start Pump: 3/29/96 2:40
Stop Pump: 3/29/96 4:35
Pumping Time (hr:m)l 1:55
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (1/d) 0.2596 0.0149
Volume (ml) 0.75
Top Bottom
Elapse Time (hr:m) 3:37 7:43
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/29/96 14:37
77 279
327160 79697
154532 14580
3600 3600
56.176 245.49
110.97 318.97
42.926 4.050
3/29/96 18:14
77 279
300199 74620
129964 11520
3600 3600
56.176 245.49
110.97 318.97
36.101 3.200
3/29/96 22:20
77 279
78830 31904
17465 0
1800 1800
56.176 229.29
110.97 302.78
9.703 0.000
pH Sample # 52 Isotope Hg-197 Hg-203
pH varied from: 3.27 E (keV) 77.35 279.118
pH varied to: 3.27 Decay Const (1/d) 0.2596 0.0149
pH = 3.27 Volume (ml) 0.75
Start Pump: 3/29/96 18:12
Stop Pump: 3/29/96 19:17 Top Bottom
Pumping Time (hr:m)l 1:05 Elase Time (hr:m) 2:14 19:17
Hg Tracer Top Resin Bottom Resin
Start Time 3/29/96 17:05 3/29/96 19:19 3/30/96 12:22
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 315109 76373 293498 78985 78752 32248
Area (counts) 143066 14133 117345 14305 19097 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 56.176 245.49 56.176 229.29 56.176 229.29
Right of Region (keV) 110.97 318.97 110.97 302.78 110.97 302.78
Count Rate (area/s) 39.741 3.926 32.596 3.974 10.609 0.000
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pH Sample # 51
pH varied from: 3.42
pH varied to: 3.42
pH = 3.42
Start Pump: 3/29/96 15:38
Stop Pump: 3/29/96 17:09
Pumping Time (hr:m) 1:31
Bottom ResinHa Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.75
Top Bottom
Elapse Time (hr:m) 4:45 3:08
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/29/96 20:48
77 279
321310 83574
138760 16154
3600 3600
56.176 229.29
110.97 302.78
38.544 4.487
3/30/96 1:33
77 279
289822 82042
127717 15562
3600 3600
56.176 229.29
110.97 302.78
35.477 4.323
3/29/96 23:56
77 279
79031 31307
18521 0
1800 1800
56.176 229.29
110.97 302.78
10.289 0.000
pH Sample 1 54 Isotope Hg-197 H1-203
pH varied from: 2.55 E (keV) 77.35 279.118
pH varied to: 2.55 Decay Const (l/d) 0.2596 0.0149
pH = 2.55 Volume (ml) 0.75
Start Pump: 3/29/96 23:58
Stop Pump: 3/30/96 1:00 Top Bottom
Pumping Time (hr:m) 1:02 Elapse Time (hr:m) 3:48 18:53
Hg Tracer Top Resin Bottom Resin
Start Time 3/29/96 22:54 3/30/96 2:42 3/30/96 17:47
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 321067 83755 238200 81441 84532 29441
Area (counts) 137564 18255 119407 15161 19724 521
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 56.176 229.29 56.176 229.29 61.158 245.49
Right of Region (keV) 110.97 302.78 110.97 302.78 115.95 318.97
Count Rate (area/s) 38.212 5.071 33.169 4.211 10.958 0.289
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pH Sample 4 53
pH varied from: 3.04
pH varied to: 3.04
pH = 3.04
Start Pump: 3/29/96 21:46
Stop Pump: 3/29/96 23:56
Pumping Time (hr:m)l 2:10
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (1/d) 0.2596 0.0149
Volume (ml) 0.75
Top Bottom
Elapse Time (hr:m) 13:42 18:53
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/30/96 0:28
77 279
316331 86646
145541 19246
3600 3600
56.176 229.29
110.97 302.78
40.428 5.346
3/30/96 14:10
77 279
265994 76546
107436 15906
3600 3600
61.158 245.49
115.95 318.97
29.843 4.418
3/30/96 19:21
77 279
83298 28894
20200 594
1800 1800
61.158 245.49
115.95 318.97
11.222 0.330
pH Sample 4 56 Isotope Hg-197 HR-203
pH varied from: 5.34 E (keV) 77.35 279.118
pH varied to: 5.55 Decay Const (1/d) 0.2596 0.0149
pH = 5.45 Volume (ml)I 0.75
Start Pump: 3/30/96 14:03
Stop PumD: 3/30/96 16:40 Top Bottom
I Pumpinq Time (hr:m)I 2:37 I 1Elapse Time (hr:m) 3:44 8:57
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pH Sample # 55
pH varied from: 2.83
pH varied to: 2.83
pH = 2.83
Start Pump: 3/30/96 1:32
Stop Pump: 3/30/96 2:26
Pumping Time (hr:m) 0:54
Bottom ResinHq Tracer
I * I
Hg Tracer Top Resin Bottom Resin
Start Time 3/30/96 12:59 3/30/96 16:43 3/30/96 21:56
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 294194 79776 252599 73496 81196 27944
Area (counts) 122691 19196 95736 13326 19133 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 61.158 245.49 61.158 245.49 61.158 245.49
Right of Region (keV) 115.95 318.97 115.95 318.97 115.95 318.97
Count Rate (area/s)l 34.081 5.332 26.593 3.702 10.629 0.000
Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.75
Top Bottom
Elapse Time (hr:m) 4:37 7:12
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/30/96 15:16
77 279
291524 80732
131984 19122
3600 3600
61.158 245.49
115.95 318.97
36.662 5.312
3/30/96 19:53
77 279
262003 75767
103520 14829
3600 3600
61.158 245.49
115.95 318.97
28.756 4.119
3/30/96 22:28
77 279
78819 26967
15766 0
1800 1800
61.158 245.49
115.95 318.97
8.759 0.000
pH Sample # 58 Isotope Hg-197 Hg-203
pH varied from: 6.11 E (keV) 77.35 279.118
pH varied to: 6.27 Decay Const (1/d) 0.2596 0.0149
pH = 6.19 Volume (ml) 0.75
Start Pump: 3/30/96 19:39
Stop Pump: 3/30/96 22:38 Top Bottom
Pumping Time (hr:m) 2:59 Elapse Time (hr:m) 4:40 6:48
Hg Tracer Top Resin Bottom Resin
Start Time 3/30/96 18:19 3/30/96 22:59 3/31/96 1:07
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 287065 80043 265240 81786 77741 30126
Area (counts) 116087 18643 108025 16766 15438 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 61.158 245.49 61.158 245.49 61.158 245.49
Right of Region (keV) 115.95 318.97 115.95 318.97 115.95 318.97
Count Rate (area/s) 32.246 5.179 30.007 4.657 8.577 0.000
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pH Sample # 57
pH varied from: 5.63
pH varied to: 5.89
pH = 5.76
Start Pump: 3/30/96 16:44
Stop Pump: 3/30/96 19:37
Pumping Time (hr:m) 2:53
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 H1-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.75
Top I Bottom
ElapseTime (hr:m 4:46 6:56
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/30/96 20:54
77 279
279214 77405
109451 16175
3600 3600
61.158 245.49
115.95 318.97
30.403 4.493
3/31/96 1:40
77 279
248173 78958
96493 14208
3600 3600
56.176 229.29
110.97 302.78
26.804 3.947
3/31/96 3:50
77 279
74774 31301
15269 0
1800 1800
56.176 229.29
110.97 302.78
8.483 0.000
pH Sample 4~ 60 Isotope Hg-197 I H-203
pH varied from: 6.46 E (keV) 77.35 279.118
pH varied to: 6.55 Decay Const (1/d) 0.2596 0.0149
pH = 6.51 Volume (ml)I 0.75
Start Pump: 3/31/96 1:25
Stop Pump: 3/31/96 4:22 Top Bottom
Pumping Time (hr:m)j 2:57 j Elapse Time (hr:m) 10:27 13:34
Hg Tracer Top Resin Bottom Resin
Start Time 3/31/96 0:04 3/31/96 10:31 3/31/96 13:38
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 279565 85001 245023 74865 78484 27888
Area (counts) 117362 17811 91618 14645 17674 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 56.176 229.29 61.158 245.49 61.158 245.49
Right of Region (keV) 110.97 302.78 115.95 318.97 115.95 318.97
Count Rate (area/s) 32.601 4.948 25.449 4.068 9.819 0.000
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pH Sample # 59
pH varied from: 5.85
pH varied to: 6.06
pH = 5.96
Start Pump: 3/30/96 22:39
Stop Pump: 3/31/96 1:24
Pumping Time (hr:m) 2:45
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.75
Top Bottom
Elapse Time (hr:m) 8:47 12:24
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/31/96 2:47
77 279
279267 83212
109864 19532
3600 3600
56.176 229.29
110.97 302.78
30.518 5.426
3/31/96 11:34
77 279
231644 72911
83841 13171
3600 3600
61.158 245.49
115.95 318.97
23.289 3.659
3/31/96 15:11
77 279
75772 27812
16409 0
1800 1800
61.158 245.49
115.95 318.97
9.116 0.000
pH Sample I 62 Isotope Hg-197 H -203
pH varied from: 4.82 E (keV) 77.35 279.118
pH varied to: 4.92 Decay Const (1/d) 0.2596 0.0149
pH = 4.87 Volume (ml) 0.75
Start Pump: 3/31/96 10:40
Stop Pump: 3/31/96 13:52 Top Bottom
Pumping Time (hr:m) 3:12 Elapse Time (hr:m 9:42 12:24
Hg Tracer Top Resin Bottom Resin
Start Time 3/31/96 4:28 3/31/96 14:10 3/31/96 16:52
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 268222 79602 230716 72845 76659 28330
Area (counts) 109697 16862 81293 13365 16381 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 61.158 245.49 61.158 245.49 61.158 245.49
Right of Region (keV) 115.95 318.97 115.95 318.97 115.95 318.97
Count Rate (area/s) 30.471 4.684 22.581 3.713 9.101 0.000
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pH Sample # 61
pH varied from: 5.21
pH varied to: 5.36
pH = 5.29
Start Pump: 3/31/96 4:24
Stop Pump: 3/31/96 10:26
Pumping Time (hr:m) 6:02
Bottom ResinHg Tracer Top Resin
Appendix C.1 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (1/d) 0.2596 0.0149
Volume (ml) 0.75
Top Bottom
Elapse Time (hr:m) 4:48 5:54
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
3/31/96 12:36
77 279
260204 78081
99456 16611
3600 3600
61.158 245.49
115.95 318.97
27.627 4.614
3/31/96 17:24
77 279
228996 75188
86593 13038
3600 3600
61.158 245.49
115.95 318.97
24.054 3.622
3/31/96 18:30
77 279
75332 27767
16037 0
1800 1800
61.158 245.49
115.95 318.97
8.909 0.000
pH Sample 4 64 Isotope Hg-197 Hq-203
pH varied from: 4.49 E (keV) 77.35 279.118
pH varied to: 4.58 Decay Const (1/d) 0.2596 0.0149
pH = 4.54 Volume (ml) 0.75
Start Pump: 3/31/96 17:10
Stop Pump: 3/31/96 20:22 Top Bottom
Pumping Time (hr:m)I 3:12 Elapse Time (hr:m) 4:34 5:46
pH Sample # 63
pH varied from: 4.95
pH varied to: 5.05
pH = 5.00
Start Pump: 3/31/96 13:53
Stop Pump: 3/31/96 17:09
Pumping Time (hr:m) 3:16
Bottom ResinHg Tracer
I I
-I I4
Hg Tracer Top Resin Bottom Resin
Start Time 3/31/96 15:49 3/31/96 20:23 3/31/96 21:35
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 260787 81120 248143 75674 80410 26630
Area (counts) 103804 19040 85243 13994 14560 0
Time (s) 3600 3600 3600 3600 1800 1800
Left of Region (keV) 61.158 245.49 61.158 245.49 61.158 245.49
Right of Region (keV) 115.95 318.97 115.95 318.97 115.95 318.97
Count Rate (area/s) 28.834 5.289 23.679 3.887 8.089 0.000
Top Resin
C.2 At Various Flow Rates
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.80
Top Bottom
Elapse Time (hr:m) 0:52 6:57
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
Ha Tracer
4/4/96 15:35
77 279
95746 38091
28636 10021
1800 1800
67.386 265.41
122.18 338.9
15.909 5.567
Top Resin
4/4/96 16:27
77 279
92907 36469
26569 7709
1800 1800
67.386 265.41
122.18 338.9
14.761 4.283
Bottom Resin
4/4/96 22:32
77 279
37089 12914
7824 0
900 900
67.386 265.41
122.18 338.9
8.693 0.000
Flow Rate Sample # 2 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 34:41 Decay Const (1/d) 0.2596 0.0149
Time to pump 100 ml 25:19 Volume (ml) 0.80
Pressure ("Hg) 8.00
Total time (s) 1519 Top Bottom
Flow Rate (cc/min) 3.9500 Elapse Time (hr:m) 1:15 6:30
Hg Tracer Top Resin Bottom Resin
Start Time 4/4/96 16:59 4/4/96 18:14 4/4/96 23:29
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 96192 38370 92427 36345 36941 12948
Area (counts) 28219 10650 26794 8355 8073 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 265.41 67.386 265.41 67.386 265.41
Right of Region (keV) 122.18 338.9 122.18 338.9 122.18 338.9
Count Rate (area/s) 15.677 5.917 14.886 4.642 8.970 0.000
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Flow Rate Sample 4 1
Start Pump: 00:00
Stop Pump: 43:20
Time to pump 100 ml 16:40
Pressure ("Hg) 15.25
Total time (s) 1000
Flow Rate (cc/min) 6.0000
Appendix C.2 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.80
Top I Bottom
Elapse Time (hr:m) 2:12 6:03
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/4/96 17:41
77 279
94918 36915
28678 9115
1800 1800
67.386 265.41
122.18 338.9
15.932 5.064
4/4/96 19:53
77 279
91626 36458
25708 8118
1800 1800
67.386 265.41
122.18 338.9
14.282 4.510
4/4/96 23:44
77 279
36694 12959
7234 0
900 900
67.386 265.41
122.18 338.9
8.038 0.000
Flow Rate Sample 4 4 Isoto e Hg-197 H -203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 06:43 Decay Const (l/d) 0.2596 0.0149
Time to pump 100 ml 53:17 Volume (ml) 0.80
Pressure ("Hg) 2.75
Total time (s) 3197 Top Bottom
I Flow Rate (cc/min)i 1.8768 I Elapse Time (hr:m) 2:11 5:14
173
Flow Rate Sample 4 3
Start Pump: 00:00
Stop Pump: 54:41
Time to pump 100 ml 05:19
Pressure ("Hg) 3.50
Total time (s) 3919
Flow Rate (cc/min) 1.5310
Bottom ResinTop ResinHa Tracer
Hg Tracer Top Resin Bottom Resin
Start Time 4/4/96 18:45 4/4/96 20:56 4/4/96 23:59
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 95313 38160 91483 36499 36561 12955
Area (counts) 28030 8940 26773 7379 7663 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 265.41 67.386 265.41 67.386 265.41
Right of Region (keV) 122.18 338.9 122.18 338.9 122.18 338.9
Count Rate (area/s) 15.572 4.967 14.874 4.099 8.514 0.000
Appendix C.2 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (li/d) 0.2596 0.0149
Volume (ml) 0.80
Top Bottom
Elase Time (hr:m) 1:03 3:51
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/4/96 20:25
77 279
95068 38068
27958 9028
1800 1800
67.386 265.41
122.18 338.9
15.532 5.016
4/4/96 21:28
77 279
93477 37049
27477 8419
1800 1800
67.386 265.41
122.18 338.9
15.265 4.677
4/5/96 0:16
77 279
37035 13123
7905 283
900 900
67.386 265.41
122.18 338.9
8.783 0.314
Flow Rate Sample 4 6 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 49:22 Decay Const (1/d) 0.2596 0.0149
Time to pump 100 ml 10:38 Volume (ml) 0.80
Pressure ("Hg) 20.00
Total time (s) 638 Top Bottom
Flow Rate (cc/min) 9.4044 Elapse Time (hr:m) 0:47 2:33
Hg Tracer Top Resin Bottom Resin
Start Time 4/4/96 22:01 4/4/96 22:48 4/5/96 0:34
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 94659 37997 91779 36489 37035 13160
Area (counts) 27091 8977 26904 7879 7410 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 265.41 67.386 265.41 67.386 265.41
Right of Region (keV) 122.18 338.9 122.18 338.9 122.18 338.9
Count Rate (area/s) 15.051 4.987 14.947 4.377 8.233 0.000
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Flow Rate Sample 4 5
Start Pump: 00:00
Stop Pump: 39:26
Time to pump 100 mli 20:34
Pressure ("Hg) 10.00
Total time (s) 1234
Flow Rate (cc/min) 4.8622
Bottom ResinHg Tracer Top Resin
Appendix C.2 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (1/d) 0.2596 0.0149
Volume (ml) 0.80
Top Bottom
Elapse Time (hr:m) 1:08 3:14
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/5/96 0:50
77 279
94281 37985
27546 9175
1800 1800
67.386 265.41
122.18 338.9
15.303 5.097
4/5/96 1:58
77 279
91522 36738
25844 7548
1800 1800
67.386 265.41
122.18 338.9
14.358 4.193
4/5/96 4:04
77 279
3708 12846
7208 0
900 900
67.386 265.41
122.18 338.9
8.009 0.000
Flow Rate Sample # 8 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 34:20 Decay Const (1/d) 0.2596 0.0149
Time to pump 100 ml 25:40 Volume (ml) 0.80
Pressure ("Hg) 9.00
Total time (s) 1540 Top Bottom
Flow Rate (cc/min) 3.8961 Elapse Time (hr:m) 1:34 2:53
Hg Tracer Top Resin Bottom Resin
Start Time 4/5/96 1:27 4/5/96 3:01 4/5/96 4:20
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 94488 38201 92089 36892 36709 12973
Area (counts) 27393 9391 26111 8212 8051 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 265.41 67.386 265.41 67.386 265.41
Right of Region (keV) 122.18 338.9 122.18 338.9 122.18 338.9
Count Rate (area/s) 15.218 5.217 14.506 4.562 8.946 0.000
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Flow Rate Sample 4 7
Start Pump: 00:00
Stop Pump: 30:00
Time to pump 100 ml 30:00
Pressure ("Hg) 7.00
Total time (s) 1800
Flow Rate (cc/min) 3.3333
Bottom ResinHg Tracer Top Resin
Appendix C.2 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l1d) 0.2596 0.0149
Volume (ml) 0.80
Top Bottom
ElaseTime (hr:m) 1:03 2:30
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/5/96 2:29
77 279
94070 37935
27477 9405
1800 1800
67.386 265.41
122.18 338.9
15.265 5.225
4/5/96 3:32
77 279
92821 37571
26153 9071
1800 1800
67.386 265.41
122.18 338.9
14.529 5.039
4/5/96 4:59
77 279
37250 13140
7610 0
900 900
67.386 265.41
122.18 338.9
8.456 0.000
Flow Rate Sample 1 0 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 02:31 Decay Const (l/d) 0.2596 0.0149
Time to pump 100 ml 57:29 Volume (ml) 0.80
Pressure ("Hg) 4.00
Total time (s) 3449 Top Bottom
Flow Rate (cc/min) 1.7396 Elapse Time (hr:m) 1:39 6:51
Hg Tracer Top Resin Bottom Resin
Start Time 4/5/96 11:45 4/5/96 13:24 4/5/96 18:36
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 93531 38535 91010 36868 37060 13141
Area (counts) 25918 8725 24410 8168 7937 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 265.41 67.386 265.41 67.386 265.41
Right of Region (keV) 122.18 338.9 122.18 338.9 122.18 338.9
Count Rate (area/s) 14.399 4.847 13.561 4.538 8.819 0.000
176
Flow Rate Sample 0 9
Start Pump: 00:00
Stop Pump: 39:55
Time to pump 100 ml 20:05
Pressure ("Hg) 12.00
Total time (s) 1205
Flow Rate (cc/min) 4.9793
Bottom ResinHa Tracer To) Resin
Appendix C.2 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.80
Top Bottom
ElaseTime (hr:m) 1:45 6:08
Start Timei
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
Hg Tracer
4/5/96 12:43
77 279
93015 38218
27420 9188
1800 1800
67.386 265.41
122.18 338.9
15.233 5.104
Top Resin
4/5/96 14:28
77 279
89512 36419
23062 6659
1800 1800
67.386 265.41
122.18 338.9
12.812 3.699
Bottom Resin
4/5/96 18:51
77 279
37536 13286
7791 0
900 900
67.386 265.41
122.18 338.9
8.657 0.000
Flow Rate Samole 4 1 2 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 30:57 Decay Const (l/d) 0.2596 , 0.0149
Time to pump 100 ml 29:03 Volume (ml) 0.80
Pressure ("Hg) 6.00
Total time (s) 1743 Top Bottom
Flow Rate (cc/min)l 3.4423 Elapse Time (hr:m) 1:04 5:12
Hg Tracer Top Resin Bottom Resin
Start Time 4/5/96 13:56 4/5/96 15:00 4/5/96 19:08
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 92768 37931 90216 36952 96921 12925
Area (counts) 26175 8731 23691 7742 7521 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 265.41 67.386 265.41 67.386 265.41
Right of Region (keV) 122.18 338.9 122.18 338.9 122.18 338.9
Count Rate (area/s) 14.542 4.851 13.162 4.301 8.357 0.000
177
Flow Rate Sample # 11
Start Pump: 00:00
Stop Pump: 23:26
Time to pump 100 ml 36:34
Pressure ("Hg) 5.00
Total time (s) 2194
Flow Rate (cc/min) 2.7347
Appendix C.2 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.80
Top Bottom
Elapse Time (hr:m) 1:04 3:51
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/5/96 15:36
77 279
92208 38002
26005 8832
1800 1800
67.386 265.41
122.18 338.9
14.447 4.907
4/5/96 16:40
77 279
90837 37888
24597 9118
1800 1800
67.386 265.41
122.18 338.9
13.665 5.066
4/5/96 19:27
77 279
37592 13237
7997 0
900 900
67.386 265.41
122.18 338.9
8.886 0.000
Flow Rate Sample t 1 4 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 48:54 Decay Const (1/d) 0.2596 0.0149
Time to pump 100 ml 11:06 Volume (ml) 0.80
Pressure ("Hg) 21.00
Total time (s) 666 Top Bottom
Flow Rate (cc/min)l 9.0090 Elapse Time (hr:m) 1:04 3:36
Hg Tracer Top Resin Bottom Resin
Start Time 4/5/96 16:09 4/5/96 17:13 4/5/96 19:45
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 92492 38069 91507 37944 37179 12895
Area (counts) 25637 9639 26677 8534 7186 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 265.41 67.386 265.41 67.386 265.41
Right of Region (keV) 122.18 338.9 122.18 338.9 122.18 338.9
Count Rate (area/s) 14.243 5.355 14.821 4.741 7.984 0.000
178
Flow Rate Sample 4 1 3
Start Pump: 00:00
Stop Pump: 50:27
Time to pump 100 ml 09:33
Pressure ("Hg) 23.50
Total time (s) 573
Flow Rate (cc/min) 10.4712
Bottom 
Resin
Ha Tracer Top Resin
Appendix C.2 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (li/d) 0.2596 0.0149
Volume (ml) 0.80
Top Bottom
ElaseTime (hr:m) 1:05 6:37
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
Ha Tracer
4/8/96 20:22
77 279
84245 38453
20787 9063
1800 1800
67.386 260.43
122.18 333.91
11.548 5.035
Top Resin
4/8/96 21:27
77 279
83470 37373
19082 8603
1800 1800
67.386 260.43
122.18 333.91
10.601 4.779
Bottom Resin
4/9/96 2:59
77 279
37996 14184
6976 0
900 900
67.386 260.43
122.18 333.91
7.751 0.000
Flow Rate Sample 4 16 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 45:27 Decay Const (l/d) 0.2596 0.0149
Time to pump 100 ml 14:33 Volume (ml) 0.80
Pressure ("Hg) 13.25
Total time (s) 873 Top Bottom
Flow Rate (cc/min) 6.8729 Elapse Time (hr:m) 1:04 6:27
Hg Tracer Top Resin Bottom Resin
Start Time 4/8/96 20:54 4/8/96 21:58 4/9/96 3:21
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 84394 37947 82976 36896 38320 14104
Area (counts) 20779 8267 19683 7866 8530 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 260.43 67.386 260.43 67.386 260.43
Right of Region (keV) 122.18 333.91 122.18 333.91 122.18 333.91
Count Rate (area/s) 11.544 4.593 10.935 4.370 9.478 0.000
179
Flow Rate Sample 1 5
Start Pump: 00:00
Stop Pump: 49:34
Time to pump 100 ml 10:26
Pressure ("Hg) 17.50
Total time (s) 626
Flow Rate (cc/min) 9.5847
I
Appendix C.2 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.80
Top Bottom
Elapse Time (hr:m) 1:06 5:07
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/8/96 22:29
77 279
84054 38184
20596 9644
1800 1800
67.386 260.43
122.18 333.91
11.442 5.358
4/8/96 23:35
77 279
82790 36274
18845 7294
1800 1800
67.386 260.43
122.18 333.91
10.469 4.052
4/9/96 3:36
77 279
37734 14008
7606 0
900 900
67.386 260.43
122.18 333.91
8.451 0.000
Flow Rate Sample 4 18 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 40:55 Decay Const (1/d) 0.2596 0.0149
Time to pump 100 ml 19:05 Volume (ml) 0.80
Pressure ("Hg) 10.50
Total time (s) 1145 Top Bottom
Flow Rate (cc/min), 5.2402 Elapse Time (hr:m) 1:04 4:49
Hg Tracer Top Resin Bottom Resin
Start Time 4/8/96 23:03 4/9/96 0:07 4/9/96 3:52
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 84105 37885 83637 36911 37815 14062
Area (counts) 20962 7915 19459 7571 7050 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 260.43 67.386 260.43 67.386 260.43
Right of Region (keV) 122.18 333.91 122.18 333.91 122.18 333.91
Count Rate (area/s) 11.646 4.397 10.811 4.206 7.833 0.000
180
Flow Rate Sample 4 17
Start Pump: 00:00
Stop Pump: 44:40
Time to pump 100 ml 15:20
Pressure ("Hg) 14.00
Total time (s) 920
Flow Rate (cc/min)l 6.5217
Bottom ResinHg Tracer Top Resin
Appendix C.2 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l1/d) 0.2596 0.0149
Volume (ml) 0.80
Top I Bottom
Elapse Time (hr:m) 1:08 3:21
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/9/96 0:48
77 279
84537 39529
20232 9019
1800 1800
67.386 251.71
122.18 325.20
11.240 5.011
4/9/96 1:56
77 279
84673 38359
17998 7589
1800 1800
67.386 251.71
122.18 325.20
9.999 4.216
4/9/96 4:09
77 279
38454 14168
7621 0
900 900
67.386 251.71
122.18 325.20
8.468 0.000
Flow Rate Sample # 20 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 48:49 Decay Const (l/d) 0.2596 0.0149
Time to pump 100 ml 11:11 Volume (ml) 0.80
Pressure ("Hg) 16.50
Total time (s) 671 Top Bottom
Flow Rate (cc/min) 8.9419 Elapse Time (hr:m) 1:02 3:01
Hg Tracer Top Resin Bottom Resin
Start Time 4/9/96 1:24 4/9/96 2:26 4/9/96 4:25
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 84217 39578 84200 38240 38976 14027
Area (counts) 19207 8228 17997 8210 6793 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 251.71 67.386 251.71 67.386 251.71
Right of Region (keV) 122.18 325.20 122.18 325.20 122.18 325.20
Count Rate (area/s) 10.671 4.571 9.998 4.561 7.548 0.000
Flow Rate Sample 4 1 9
Start Pump: 00:00
Stop Pump: 43:56
Time to pump 100 ml 16:04
Pressure ("Hg) 10.00
Total time (s) 964
Flow Rate (cc/min) 6.2241
Bottom ResinHa Tracer Too Resin
Appendix C.2 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.80
Top Bottom
Elapse Time (hr:m) 0:48 9:08
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/9/96 4:42
77 279
86580 38708
18922 7998
1800 1800
67.386 251.71
122.18 325.20
10.512 4.443
4/9/96 5:30
77 279
85116 38602
18351 7762
1800 1800
67.386 251.71
122.18 325.20
10.195 4.312
4/9/96 13:50
77 279
78321 27778
14893 0
1800 1800
67.386 251.71
122.18 325.20
8.274 0.000
Flow Rate Sample 4 22 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 12:58 Decay Const (l/d) 0.2596 0.0149
Time to pump 100 ml 47:02 Volume (ml) 0.80
Pressure ("Hg) 4.50
Total time (s) 2822 Top Bottom
Flow Rate (cc/min) 2.1262 - Elase Time (hr:m) 1:35 6:03
Hg Tracer Top Resin Bottom Resin
Start Time 4/9/96 19:28 4/9/96 21:03 4/10/96 1:31
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 86182 39787 85175 38237 38053 14357
Area (counts) 18127 9377 18132 6687 7618 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 251.71 67.386 251.71 67.386 251.71
Right of Region (keV) 122.18 325.20 122.18 325.20 122.18 325.20
Count Rate (area/s) 10.071 5.209 10.073 3.715 8.464 0.000
182
Flow Rate Sample d 21
Start Pump: 00:00
Stop Pump: 47:13
Time to pump 100 ml 12:47
Pressure ("Hg) 14.00
Total time (s) 767
Flow Rate (cc/min) 7.8227
Bottom Resin
I I
Hg Tracer To) Resin
Appendix C.2 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d)i 0.2596 0.0149
Volume (ml) 0.80
Top Bottom
Elapse Time (hr:m) 2:25 5:48
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/9/96 19:59
77 279
85792 39167
19319 9327
1800 1800
67.386 251.71
122.18 325.20
10.733 5.182
4/9/96 22:24
77 279
83734 36595
18476 6185
1800 1800
67.386 251.71
122.18 325.20
10.264 3.436
4/10/96 1:47
77 279
37299 14128
7629 0
900 900
67.386 251.71
122.18 325.20
8.477 0.000
Flow Rate Sample # 24 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 12:30 Decay Const (l1/d) 0.2596 0.0149
Time to pump 100 ml 47:30 Volume (ml)I 0.80
Pressure ("Hg) 4.00
Total time (s) 2850 Too Bottom
I Flow Rate (cc/min)I 2.1053 I IElapse Time (hr:m) 2:24 5:32
183
Flow Rate Sample # 23
Start Pump: 00:00
Stop Pump: 48:20
Time to pump 100 ml 11:40
Pressure ("Hg) 19.00
Total time (s) 700
Flow Rate (cc/min) 8.5714
Bottom ResinHq Tracer
Hg Tracer Top Resin Bottom Resin
Start Time 4/9/96 20:31 4/9/96 22:55 4/10/96 2:03
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 85796 39299 84402 38330 37088 14512
Area (counts) 18138 7769 18769 7270 7403 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 251.71 67.386 251.71 67.386 251.71
Right of Region (keV) 122.18 325.20 122.18 325.20 122.18 325.20
Count Rate (area/s) 10.077 4.316 10.427 4.039 8.226 0.000
I
f \ rl I ·
Too Resin
Appendix C.2 (continued)
Isotope Hg-197 H -203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml)J 0.80
Top Bottom
Elapse Time (hr:m) 1:25 2:48
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/9/96 23:31
77 279
84584 39858
18456 9248
1800 1800
67.386 251.71
122.18 325.20
10.253 5.138
4/10/96 0:56
77 279
82847 39039
18654 7579
1800 1800
67.386 251.71
122.18 325.20
10.363 4.211
4/10/96 2:19
77 279
36972 14341
6972 0
900 900
67.386 251.71
122.18 325.20
7.747 0.000
Flow Rate Sample 4 26 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 52:09 Decay Const (1/d) 0.2596 0.0149
Time to pump 100 ml 07:51 Volume (ml) 0.80
Pressure ("Hg) 22.50
Total time (s) 471 Top Bottom
Flow Rate (cc/min) 12.7389 Elapse Time (hr:m) 0:39 2:12
Hg Tracer Top Resin Bottom Resin
Start Time 4/10/96 2:36 4/10/96 3:15 4/10/96 4:48
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 86933 37928 82195 37279 37209 13457
Area (counts) 18500 8678 18812 7229 7329 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 260.43 67.386 260.43 67.386 260.43
Right of Region (keV) 122.18 333.91 122.18 333.91 122.18 333.91
Count Rate (area/s) 10.278 4.821 10.451 4.016 8.143 0.000
Flow Rate Sample # 25
Start Pump: 00:00
Stop Pump: 19:25
Time to pump 100 ml 40:35
Pressure ("Hg) 5.50
Total time (s) 2435
Flow Rate (cc/min)l 2.4641
Bottom ResinHQ Tracer Top Resin
Appendix C.2 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.80
Top Bottom
ElapseTime (hr:m 1:02 2:25
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/10/96 3:14
77 279
82117 37850
19942 7760
1800 1800
67.386 260.43
122.18 333.91
11.079 4.311
4/10/96 4:16
77 279
81954 37611
18819 8151
1800 1800
67.386 260.43
122.18 333.91
10.455 4.528
4/10/96 5:39
77 279
38399 13351
7184 371
900 900
67.386 260.43
122.18 333.91
7.982 0.412
Flow Rate Sample 0 28 Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 46:40 Decay Const (l1/d) 0.2596 0.0149
Time to pump 100 ml 13:20 Volume (ml) 0.80
Pressure ("Hg) 16.50
Total time (s) 800 Top I Bottom
Flow Rate (cc/min)l 7.5000 Elapse Time (hr:m) 1:40 0:53
Hg Tracer Top Resin Bottom Resin
Start Time 4/10/96 5:03 4/10/96 6:43 4/10/96 5:56
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 83061 38403 83120 36791 38188 13340
Area (counts) 19446 8513 18380 6751 7595 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 260.43 67.386 260.43 67.386 260.43
Right of Region (keV) 122.18 333.91 122.18 333.91 122.18 333.91
Count Rate (area/s) 10.803 4.729 10.211 3.751 8.439 0.000
185
Flow Rate Sample 0 27
Start Pump: 00:00
Stop Pump: 49:46
Time to pump 100 ml 10:14
Pressure ("Hg) 18.75
Total time (s) 614
Flow Rate (cc/min) 9.7720
Bottom ResinHq Tracer Too Resin
Appendix C.2 (continued)
Isotope Hg-197 H -203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.80
Top Bottom
Elapse Time (hr:m) 1:27 3:22
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/10/96 12:53
77 279
84396 39202
18186 6832
1800 1800
67.386 251.71
122.18 325.2
10.103 3.796
4/10/96 14:20
77 279
81967 38074
17962 7554
1800 1800
67.386 251.71
122.18 325.2
9.979 4.197
4/10/96 16:15
77 279
37784 14225
7431 0
900 900
67.386 251.71
122.18 325.2
8.257 0.000
Flow Rate Sample 4 30 Isotope Hg-197 H -203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 00:34 Decay Const (1/d) 0.2596 0.0149
Time to pump 100 mi 59:26 Volume (ml) 0.80
Pressure ("Hg) 2.50
Total time (s) 3566 Top Bottom
Flow Rate (cc/min) 1.6826 Elapse Time (hr:m) 1:54 3:01
Hg Tracer Top Resin Bottom Resin
Start Time 4/10/96 13:30 4/10/96 15:24 4/10/96 16:31
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 84470 39457 81956 38121 38465 14438
Area (counts) 18477 8757 17906 6761 7527 0
Time (s) 1800 1800 1800 1800 900 900
Left of Region (keV) 67.386 251.71 67.386 251.71 67.386 251.71
Right of Region (keV) 122.18 325.2 122.18 325.2 122.18 325.2
Count Rate (area/s) 10.265 4.865 9.948 3.756 8.363 0.000
186
Flow Rate Sample 4 29
Start Pump: 00:00
Stop Pump: 21:44
Time to pump 100 mi 38:16
Pressure ("Hg) 6.50
Total time (s) 2296
Flow Rate (cc/min) 2.6132
Bottom ResinHg Tracer Top Resin
C.3 By Different Preconcentration Methods
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (1/d) 0.2596 0.0149
Volume (ml) 0.9/4
Top I Bottom
ElaseTime (hr:m) 1:34 3:37
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/13/96 22:03
77 279
160826 78888
35006 17708
3600 3600
67.386 255.45
122.18 329.93
9.724 4.919
4/13/96 23:37
77 279
150840 59377
29407 1257
3600 3600
67.386 255.45
122.18 329.93
8.169 0.349
4/14/96 1:40
77 279
37530 14179
7612 0
900 900
67.386 255.45
122.18 329.93
8.458 0.000
Charcoal Sample # 1B Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 28:56 Decay Const (1/d) 0.2596 0.0149
Time to pump 250 ml 31:04 Volume (ml) 0.9/4
Pressure ("Hg) 3.00
Total time (s)l 1864 Top I Bottom
Flowrate (cc/min)! 8.0472 I JElapse Time (hr:m) 2:35 I 15:37
187
Resin Sample i 1 A
Start Pump: 00:00
Stop Pump: 36:35
Time to pump 250 ml 23:25
Pressure ("Hg) 15.00
Total time (s) 1405
Flowrate (cc/min) 10.6762
Bottom ResinHa Tracer
Hg Tracer Top Charcoal Bottom Charcoal
Start Time 4/13/96 22:03 4/14/96 0:38 4/14/96 13:40
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 160826 78888 149630 57603 152237 56367
Area (counts) 35006 17708 29202 0 29102 0
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 67.386 255.45 67.386 255.45 67.386 255.45
Right of Region (keV) 122.18 329.93 122.18 329.93 122.18 329.93
Count Rate (area/s)! 9.724 4.919 8.112 0.000 8.084 0.000
Top Resin
Appendix C.3 (continued)
Isotope Hg-197 H -203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.9/4
Top I Bottom
Elapse Time (hr:m) 3:55 5:58
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
Hg Tracer
4/13/96 22:03
77 279
160826 78888
35006 17708
3600 3600
67.386 255.45
122.18 329.93
9.724 4.919
Top Gold Surface
4/14/96 1:58
77 279
151701 60681
31326 1151
3600 3600
67.386 255.45
122.18 329.93
8.702 0.320
Bottom Gold Surface
4/14/96 4:01
77 279
150612 55327
30334 0
3600 3600
67.386 255.45
122.18 329.93
8.426 0.000
Ag Surface Sample P 1D Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 16:20 Decay Const (1/d) 0.2596 0.0149
Time to pump 250 ml 43:40 Volume (ml)l 0.9/4
Pressure ("Hg) 23.50
Total time (s) 2620 Top Bottom
Flowrate (cc/min) 5.7252 Elapse Time (hr:m) 4:57 17:46
Hg Tracer Top Silver Surface Bottom Silver Surface
Start Time 4/13/96 22:03 4/14/96 3:00 4/14/96 15:49
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 160826 78888 151594 58687 151492 55782
Area (counts) 35006 17708 29081 0 29362 0
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 67.386 255.45 67.386 255.45 67.386 255.45
Right of Region (keV) 122.18 329.93 122.18 329.93 122.18 329.93
Count Rate (area/s) 9.724 4.919 8.078 0.000 8.156 0.000
188
Au-Surface Sample f 1C
Start Pump: 00:00
Stop Pump: 15:37
Time to pump 250 ml 44:23
Pressure ("Hg) 23.50
Total time (s) 2663
Flowrate (cc/min) 5.6327
Appendix C.3 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.9/4
Top Bottom
Elapse Time (hr:m) 5:51 7:10
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
4/14/96 14:43
77 279
161181 78292
33831 17262
3600 3600
67.386 255.45
122.18 329.93
9.398 4.795
4/14/96 20:34
77 279
151900 56345
28960 0
3600 3600
67.386 255.45
122.18 329.93
8.044 0.000
4/14/96 21:53
77 279
37878 13575
7600 0
900 900
67.386 255.45
122.18 329.93
8.444 0.000
Charcoal Sample t 2B Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 02:25 Decay Const (1/d) 0.2596 0.0149
Time to pump 250 ml 57:35 Volume (ml) 0.9/4
Pressure ("Hg) 2.25
Total time (s) 3455 Top I Bottom
Flowrate (cc/min) 4.3415 IElapse Time (hr:m) 4:37 7:28
Hg Tracer Top Charcoal Bottom Charcoal
Start Time 4/14/96 14:43 4/14/96 19:20 4/14/96 22:11
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 161181 78292 151402 55527 37667 13748
Area (counts) 33831 17262 30697 7 7547 0
Time (s) 3600 3600 3600 3600 900 900
Left of Region (keV) 67.386 255.45 67.386 255.45 67.386 255.45
Right of Region (keV) 122.18 329.93 122.18 329.93 122.18 329.93
Count Rate (area/s) 9.398 4.795 8.527 0.002 8.386 0.000
189
Resin Sample # 2A
Start Pump: 00:00
Stop Pump: 22:40
Time to pump 250 ml 37:20
Pressure ("Hg) 15.25
Total time (s) 2240
Flowrate (cc/min) 6.6964
Bottom ResinHg Tracer Top Resin
Appendix C.3 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.9/4
Top Bottom
Elapse Time (hr:m) 3:18 7:44
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
Hq Tracer
4/14/96 14:43
77 279
161181 78292
33831 17262
3600 3600
67.386 255.45
122.18 329.93
9.398 4.795
Top Gold Surface
4/14/96 18:01
77 279
151193 58190
29265 80
3600 3600
67.386 255.45
122.18 329.93
8.129 0.022
Bottom Gold Surface
4/14/96 22:27
77 279
37850 13558
7032 0
900 900
67.386 255.45
122.18 329.93
7.813 0.000
Ag Surface Sample 0 2D Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 13:02 Decay Const (1/d) 0.2596 0.0149
Time to pump 250 mli 46:58 Volume (ml) 0.9/4
Pressure ("Hg) 14.75
Total time (s) 2818 Top Bottom
Flowrate (cc/min) 5.3229 Elapse Time (hr:m) 2:16 4:20
Hg Tracer Top Silver Surface Bottom Silver Surfacc
Start Time 4/14/96 14:43 4/14/96 16:59 4/14/96 19:03
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 161181 78292 151228 59065 38115 13802
Area (counts) 33831 17262 27350 1935 6885 0
Time (s) 3600 3600 3600 3600 900 900
Left of Region (keV) 67.386 255.45 67.386 255.45 67.386 255.45
Right of Region (keV) 122.18 329.93 122.18 329.93 122.18 329.93
Count Rate (area/s) 9.398 4.795 7.597 0.538 7.650 0.000
190
Au-Surface Sample f 2C
Start Pump: 00:00
Stop Pump: 13:50
Time to pump 250 ml 46:10
Pressure ("Hg) 12.00
Total time (s) 2770
Flowrate (cc/min) 5.4152
Appendix C.3 (continued)
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s
Hg Tracer
4/15/96 13:21
77 279
157032 77425
32299 16365
3600 3600
67.386 255.45
122.18 329.93
8.972 4.546
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (1/d) 0.2596 0.0149
Volume (ml) 0.90
Top Bottom
Elapse Time (hr:m) 2:25 5:33
Bottom Resin
4/15/96 15:46
77 279
157898 73775
33533 14655
3600 3600
67.386 255.45
122.18 329.93
9.315 4.071
4/15/96 18:54
77 279
38524 13481
7151 0
900 900
67.386 255.45
122.18 329.93
7.946 0.000
Charcoal Sample I 3B sotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 02:22 Decay Const (l/d) 0.2596 0.0149
Time to pump 250 ml 57:38 Volume (ml) 0.90
Pressure ("Hg) 5.00
Total time (s) 3458 Top Bottom
Flowrate (cc/min) 4.3378 Elapse Time (hr:m) 2:02 3:07
Hg Tracer Top Charcoal Bottom Charcoal
Start Time 4/15/96 14:45 4/15/96 16:47 4/15/96 17:52
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 158248 77976 155521 65379 154112 57228
Area (counts) 34325 18846 29678 9189 28457 1348
Time (s) 3600 3600 3600 3600 3600 3600
Left of Region (keV) 67.386 255.45 67.386 255.45 67.386 255.45
Right of Region (keV) 122.18 329.93 122.18 329.93 122.18 329.93
Count Rate (area/s) 9.535 5.235 8.244 2.553 7.905 0.374
Resin Sample - 3A
Start Pump: 00:00
Stop Pump: 20:10
Time to pump 250 ml 39:50
Pressure ("Hg) 15.00
Total time (s) 2390
Flowrate (cc/min) 6.2762
Too Resin
Appendix C.3 (continued)
Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l/d) 0.2596 0.0149
Volume (ml) 0.90
Top I Bottom
Elapse Time (hr:m) 2:16 4:33
Start Time
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
Hg Tracer
4/15/96 19:18
77 279
163132 76849
31507 15019
3600 3600
67.386 251.71
122.18 325.2
8.752 4.172
Top Gold Surface
4/15/96 21:34
77 279
164450 75202
28872 13372
3600 3600
67.386 245.49
122.18 318.97
8.020 3.714
Bottom Gold Surface
4/15/96 23:51
77 279
38854 14808
7316 0
900 900
67.386 245.49
122.18 318.97
8.129 0.000
Ag Surface Sample P 3D Isotope Hg-197 Hg-203
Start Pump: 00:00 E (keV) 77.35 279.118
Stop Pump: 21:07 Decay Const (1/d) 0.2596 0.0149
Time to pump 250 ml 38:53 Volume (ml) 0.90
Pressure ("Hg) 18.75
Total time (s) 2333 Top I Bottom
Flowrate (cc/min) 6.4295 Elapse Time (hr:m) 2:17 3:38
Hg Tracer Top Silver Surface Bottom Silver Surface
Start Time 4/15/96 20:29 4/15/96 22:46 4/16/96 0:07
Peaks (keV) 77 279 77 279 77 279
Integral (counts) 164742 76960 162819 75532 38835 14965
Area (counts) 29397 14560 28681 13662 7305 0
Time (s) 3600 3600 3600 3600 900 900
Left of Region (keV) 67.386 251.71 67.386 245.49 67.386 245.49
Right of Region (keV) 122.18 325.2 122.18 318.97 122.18 318.97
Count Rate (area/s) 8.166 4.044 7.967 3.795 8.117 0.000
192
Au-Surface Sample f 3C
Start Pump: 00:00
Stop Pump: 11:37
Time to pump 250 ml 48:23
Pressure ("Hg) 18.75
Total time (s) 2903
Flowrate (cc/min) 5.1671
Appendix C.3 (continued)
Emptied Top Samples of #3 Isotope Hg-197 Hg-203
E (keV) 77.35 279.118
Decay Const (l1d) 0.2596 0.0149
Volume (ml) 0.90
Top Emptied Resin
4/17/96 17:52
52:31
77 279
164131 56006
23956 0
3600 3600
67.386 245.49
122.18 318.97
6.654 0.000
Top Emptied Gold
4/17/96 16:49
45:31
77 279
162898 56122
24155 0
3600 3600
67.386 245.49
122.18 318.97
6.710 0.000
Top Emptied Silver
4/17/96 15:45
43:16
77 279
160668 56695
25173 0
3600 3600
67.386 245.49
122.18 318.97
6.993 0.000
193
Start Time
Elaspe Time (hr:m)
Peaks (keV)
Integral (counts)
Area (counts)
Time (s)
Left of Region (keV)
Right of Region (keV)
Count Rate (area/s)
Appendix D
Compiled Data of Dissolved Mercury Samples
D.1 At Various pH's
Integral Count
Sar
Hg Tracer Top Resin
mple # pH 77 keV 279 keV 77 keV 279 keV
1 5.47 2694409 108125 1751411 90361
2 5.45 1193544 77145 889071 72573
3 5.58 1351827 81143 563039 65181
4 5.67 1500557 84924 693650 67503
5 5.80 1402337 84482 578602 64973
6 5.80 1307810 83506 908559 74273
7 6.08 792796 67287 800883 70015
8 6.14 1063965 77188 799682 69841
9 6.01 1062463 76598 704567 69135
10 6.20 1024408 75860 673000 72189
11 6.42 993619 76152 652689 68653
12 6.57 943554 83698 669536 66775
13 6.45 865974 80743 618571 73999
14 6.58 832619 80129 653602 75589
15 6.81 798444 78979 542001 73157
16 6.78 786010 78552 581011 74249
17 7.03 773780 79272 578963 74615
18 7.02 812051 80646 616164 77186
19 7.26 687072 78516 534784 74954
20 7.40 674280 78514 516759 78243
21 7.60 657306 80697 468635 75892
22 7.76 594328 80278 461803 76391
23 8.00 574428 80060 426373 74995
24,-  8.24 566422 79976 458585 77683
25 8.51 550871 80588 409036 68508
26 8.77 543153 80792 428429 70939
27 9.01 532298 75231 437344 72060
28 9.53 497288 71211 390806 66810
29 10.07 478326 71010 394126 68806
30 10.49 474987 72243 396128 68865
31 11.05 459571 72297 375092 67715
32 11.45 443449 70681 327771 75273
33 5.19 436240 71192 329863 74935
34 5.25 436557 76038 288083 71655
35 5.08 415217 81951 259941 67512
36 4.94 462364 84888 362362 81985
Bottom
77 keV
196835
174866
283744
312563
311904
197981
226004
179533
190497
215409
196385
240584
207572
206312
215347
178853
166804
185716
179164
169713
166680
186262
73922
77290
78261
84025
86739
77745
79868
76906
77551
88334
88187
94759
90180
89212
Resin
279 keV
56935
56361
58797
59115
59228
54756
57093
55763
55624
53718
52385
54282
60575
59674
60904
59026
60625
61592
61465
62311
63004
62838
33408
33458
30218
30395
30948
27021
26940
26900
26536
31213
31194
31152
30147
33135
Appendix D.1 (continued)
Integr
Hg Tracer Top
#Sample
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
Ial Count
195
pH
4.79
4.79
4.58
4.49
4.63
4.38
4.16
4.10
4.23
4.05
3.78
3.77
3.59
3.68
3.42
3.27
3.04
2.55
2.83
5.45
5.76
6.19
5.96
6.51
5.29
4.87
5.00
4.54
al Count
77 keV
494843
454704
446649
441497
427387
415149
394518
398995
390370
373445
379242
364247
360573
353301
327160
315109
321310
321067
316331
294194
291524
287065
279214
279565
279267
268222
260204
260787
279 keV
88073
92870
92911
93916
93238
92282
90357
93938
72729
79609
80577
79488
80365
80230
79697
76373
83574
83755
86646
79776
80732
80043
77405
85001
83212
79602
78081
81120
77 keV
377149
411926
353068
370646
352778
376266
336721
348025
334051
335908
329356
319553
315883
299086
300199
293498
289822
238200
265994
252599
262003
265240
248173
245023
231644
230716
228996
248143
Resin
279 keV
88095
90488
85084
87887
85631
91052
87756
75881
76081
76311
76192
75614
77998
75904
74620
78985
82042
81441
76546
73496
75767
81786
78958
74865
72911
72845
75188
75674
Bottom
77 keV
89862
177440
89855
90466
90602
71964
74850
74460
75845
75574
77725
76674
157240
73528
78830
78752
79031
84532
83298
81196
78819
77741
74774
78484
75772
76659
75332
80410
Resin
279 keV
33153
66986
32951
33095
33380
26639
27270
27454
27262
27026
27364
27428
55786
31438
31904
32248
31307
29441
28894
27944
26967
30126
31301
27888
27812
28330
27767
26630
Appendix D.1 (continued)
Area Count
Hg Tracer Top Resin Bottom
Sample # pH 77 keV 279 keV 77 keV 279 keV 77 keV
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30,
31
32
33
34
35
36
37
38
39
40
41
42
5.47
5.45
5.58
5.67
5.80
5.80
6.08
6.14
6.01
6.20
6.42
6.57
6.45
6.58
6.81
6.78
7.03
7.02
7.26
7.40
7.60
7.76
8.00
8.24
8.51
8.77
9.01
9.53
10.07
10.49
11.05
11.45
5.19
5.25
5.08
4.94
4.79
4.79
4.58
4.49
4.63
4.38
1603264
624624
755314
876879
794687
725344
491536
623757
619243
624628
623171
542304
509814
483171
460307
449125
437750
465183
383029
377385
385806
347405
331158
320602
311681
310353
302265
273795
263113
258574
248611
238841
230063
224442
147429
160189
151973
142862
135376
126204
106874
105129
39485
14275
18283
20194
22212
20916
7397
13908
14028
11770
15112
14933
16013
15239
13239
14982
14972
15346
13546
13224
12467
9608
10450
13496
11838
12692
14021
13741
12640
13063
13237
13241
11712
11648
13471
15378
15823
18925
18351
18596
19378
16922
1057098
556236
318831
411747
333929
576871
486318
492309
422439
325300
385966
374591
337148
368714
290646
313441
315683
343359
299231
289254
253362
251473
225658
251097
212296
228734
231559
202083
200791
206535
189624
116346
100153
78345
57291
94987
95486
120820
85873
89388
83385
97033
25791
9793
6551
8563
5833
13793
8645
9361
8805
8359
8883
5525
10219
11269
8677
11009
9875
11146
9174
7293
7322
7511
6675
7343
8498
11029
11360
9730
10006
10995
9945
6923
5295
3775
1582
10285
16645
17198
11134
14327
11601
15572
61542
43871
126184
145043
144099
62373
83504
49490
57289
69954
62637
88919
66954
62724
69652
44678
39581
52681
48844
43548
42847
54022
14252
19510
17916
21325
22981
17827
20085
17251
17918
15629
16599
17524
11115
16087
17089
30165
15575
14251
15909
13751
196
Resin
279 keV
0
0
537
785
0
0
0
0
0
0
0
0
0
0
454
0
0
0
0
0
0
0
0
0
0
0
67
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
I
I
Appendix D.1 (continued)
Area Count
Hg Tracer Top Resin Bottom Resin
Sample # pH 77 keV 279 keV 77 keV 279 keV 77 keV 279 keV
43 4.16 97240 17337 85583 14996 16567 0
44 4.10 105872 19288 172772 18991 15727 0
45 4.23 184172 12259 164513 15061 17097 0
46 4.05 188210 17929 160138 16141 15641 0
47 3.78 192439 18987 154636 16212 17702 0
48 3.77 182724 18698 151485 15304 16216 0
49 3.59 178600 20595 147440 16368 35387 0
50 3.68 174433 19910 134551 12614 16085 0
51 3.42 154532 14580 129964 11520 17465 0
52 3.27 143066 14133 117345 14305 19097 0
53 3.04 138760 16154 127717 15562 18521 0
54 2.55 137564 18255 119407 15161 19724 521
55 2.83 145541 19246 107436 15906 20200 594
56 5.45 122691 19196 95736 13326 19133 0
57 5.76 131984 19122 103520 14829 15766 0
58 6.19 116087 18643 108025 16766 15438 0
59 5.96 109451 16175 96493 14208 15269 0
60 6.51 117362 17811 91618 14645 17674 0
61 5.29 109864 19532 83841 13171 16409 0
62 4.87 109697 16862 81293 13365 16381 0
63 5.00 99456 16611 86593 13038 16037 0
64 4.54 103804 19040 85243 13994 14560 0
197
Appendix D.1 (continued)
Background Count per Channel
Hg Tracer Top Resin Bottom
Sample # pH 77 keV 279 keV 77 keV 279 keV 77 keV
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30 ,
31
32
33
34
35
36
37
38
39
40
41
42
5.47
5.45
5.58
5.67
5.80
5.80
6.08
6.14
6.01
6.20
6.42
6.57
6.45
6.58
6.81
6.78
7.03
7.02
7.26
7.40
7.60
7.76
8.00
8.24
8.51
8.77
9.01
9.53
10.07
10.49
11.05
11.45
5.19
5.25
5.08
4.94
4.79
4.79
4.58
4.49
4.63
4.38
24799
12930
13557
14175
13810
13238
6847
10005
10073
9086
8419
9119
8095
7942
7685
7656
7637
7883
6910
6748
6170
5612
5529
5587
5436
5291
5228
5079
4891
4918
4795
4650
4686
4821
6086
6868
7793
7087
7074
7166
7284
7046
1163
1066
1065
1097
1055
1061
1015
1073
1061
1086
1035
1166
1097
1100
1114
1077
1090
1107
1101
1107
1156
1198
1180
1127
1165
1154
1037
974
989
1003
1001
974
1008
1091
1161
1178
1225
1253
1264
1277
1252
1277
15780
7564
5550
6407
5561
7538
7149
6986
6412
7902
6062
6703
6396
6475
5713
6081
5984
6200
5353
5171
4893
4780
4562
4716
4471
4539
4677
4289
4394
4309
4215
4805
5221
4767
4606
6077
6401
6616
6073
6392
6123
6346
1094
1064
994
999
1002
1025
1040
1025
1023
1082
1013
1038
1081
1090
1093
1072
1097
1119
1115
1203
1162
1167
1158
1192
1017
1015
1029
967
997
981
979
1158
1180
1151
1117
1215
1211
1242
1253
1247
1255
1279
3075
2977
3581
3807
3814
3082
3239
2956
3027
3306
3040
3447
3196
3263
3311
3049
2891
3024
2962
2867
2814
3005
1356
1313
1371
1425
1449
1362
1359
1356
1355
1652
1627
1755
1797
1662
1654
3347
1688
1732
1698
1323
198
Resin
279 keV
965
955
987
989
1004
928
968
945
943
910
888
920
1027
1011
1025
1000
1028
1044
1042
1056
1068
1065
566
567
512
515
523
458
457
456
450
529
529
528
511
562
562
1135
558
561
566
452
Appendix D.1 (continued)
Background Count per Channel
Sample #
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
199
I
pH
4.16
4.10
4.23
4.05
3.78
3.77
3.59
3.68
3.42
3.27
3.04
2.55
2.83
5.45
5.76
6.19
5.96
6.51
5.29
4.87
5.00
4.54
Hg
77 keV
6756
6662
4686
4210
4246
4126
4136
4065
3923
3910
4149
4171
3882
3898
3626
3886
3858
3686
3850
3603
3653
3568
Tracer
279 keV
1238
1265
1025
1045
1044
1030
1013
1022
1104
1055
1143
1110
1142
1027
1044
1041
1038
1139
1079
1063
1042
1052
Top
77 keV
5708
3983
3853
3995
3971
3820
3828
3739
3869
4003
3684
2700
3604
3565
3602
3573
3447
3486
3359
3396
3236
3702
Resin
279 keV
1233
964
1034
1020
1017
1022
1045
1073
1069
1096
1127
1123
1028
1020
1033
1102
1097
1021
1013
1008
1053
1045
Bottom
77 keV
1325
1335
1335
1362
1364
1374
2769
1306
1395
1356
1375
1473
1434
1411
1433
1416
1352
1382
1349
1370
1348
1497
Resin
279 keV
462
465
462
458
464
465
946
533
541
547
531
490
480
474
457
511
531
473
471
480
471
451
Appendix D.1 (continued)
Area Count Standard Deviation
Hg Tracer Top Resin Bottom
Sample # pH 77 keV 279 keV 77 keV 279 keV 77 keV
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
5.47
5.45
5.58
5.67
5.80
5.80
6.08
6.14
6.01
6.20
6.42
6.57
6.45
6.58
6.81
6.78
7.03
7.02
7.26
7.40
7.60
7.76
8.00
8.24
8.51
8.77
9.01
9.53
10.07
10.49
11.05
11.45
5.19
5.25
5.08
4.94
4.79
4.79
4.58
4.49
4.63
4.38
5167
3703
3805
3901
3843
3758
2724
3278
3288
3134
3024
3126
2950
2919
2870
2863
2858
2906
2716
2684
2575
2455
2434
2444
2411
2380
2365
2327
2283
2288
2258
2224
2230
2259
2511
2666
2835
2705
2701
2716
2735
2690
1460
1390
1391
1412
1386
1389
1354
1394
1387
1402
1370
1453
1411
1412
1421
1398
1406
1417
1412
1416
1447
1471
1461
1429
1452
1446
1371
1329
1339
1348
1347
1329
1351
1406
1450
1461
1490
1508
1514
1522
1507
1522
4126
2866
2436
2626
2442
2865
2779
2750
2629
2885
2554
2676
2610
2631
2464
2543
2524
2573
2391
2350
2281
2256
2200
2241
2177
2196
2228
2131
2156
2137
2111
2231
2320
2214
2172
2499
2564
2611
2496
2561
2506
2553
1413
1387
1340
1344
1345
1363
1371
1362
1360
1398
1353
1369
1398
1405
1405
1393
1409
1423
1420
1474
1449
1452
1446
1467
1356
1356
1365
1323
1343
1333
1331
1446
1459
1440
1419
1482
1482
1501
1506
1503
1506
1522
1781
1748
1937
2000
2001
1784
1833
1744
1767
1848
1772
1891
1817
1834
1849
1769
1722
1764
1745
1716
1700
1759
1178
1161
1186
1210
1220
1181
1181
1179
1179
1299
1290
1339
1353
1303
1300
1849
1313
1329
1317
1163
200
Resin
279 keV
1318
1311
1333
1334
1344
1292
1320
1304
1303
1280
1264
1287
1359
1349
1358
1342
1360
1371
1369
1379
1386
1384
1009
1010
960
963
971
908
906
906
900
976
975
975
959
1005
1006
1429
1002
1005
1009
901
Appendix D.1 (continued)
Area Count Standard Deviation
Hg Tracer Top Resin Bottom Resin
Sample # pH 77 keV 279 keV 77 keV 279 keV 77 keV 279 keV
43 4.16 2633 1498 2421 1495 1165 912
44 4.10 2617 1515 2050 1324 1169 915
45 4.23 2220 1363 2016 1370 1170 912
46 4.05 2109 1378 2050 1361 1181 908
47 3.78 2119 1377 2043 1359 1182 914
48 3.77 2088 1369 2004 1362 1186 915
49 3.59 2089 1358 2005 1377 1685 1304
50 3.68 2071 1364 1980 1394 1156 979
51 3.42 2031 1414 2011 1391 1195 986
52 3.27 2025 1383 2042 1410 1179 992
53 3.04 2083 1440 1964 1429 1188 977
54 2.55 2088 1420 1689 1427 1229 939
55 2.83 2018 1440 1938 1366 1213 929
56 5.45 2017 1366 1924 1360 1203 923
57 5.76 1950 1378 1936 1369 1211 907
58 6.19 2012 1375 1930 1414 1203 959
59 5.96 2003 1372 1893 1410 1176 977
60 6.51 1962 1438 1903 1361 1190 922
61 5.29 2002 1401 1866 1355 1175 921
62 4.87 1938 1389 1876 1352 1184 930
63 5.00 1949 1375 1834 1382 1175 920
64 4.54 1927 1383 1958 1377 1237 901
201
Appendix D.1 (continued)
Hg Tracer Count Rate (cts/s)
77 keV 77-Blank#Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
pH
5.47
5.45
5.58
5.67
5.80
5.80
6.08
6.14
6.01
6.20
6.42
6.57
6.45
6.58
6.81
6.78
7.03
7.02
7.26
7.40
7.60
7.76
8.00
8.24
8.51
8.77
9.01
9.53
10.07
10.49
11.05
11.45
5.19
5.25
5.08
4.94
4.79
4.79
4.58
4.49
4.63
4.38
445.35
173.51
209.81
243.58
220.75
201.48
136.54
173.27
172.01
173.51
173.10
150.64
141.62
134.21
127.86
124.76
121.60
129.22
106.40
104.83
107.17
96.50
91.99
89.06
86.58
86.21
83.96
76.05
73.09
71.83
69.06
66.34
63.91
62.35
40.95
44.50
42.21
39.68
37.60
35.06
29.69
29.20
S1.44
+1.03
+ 1.06
+1.08
+ 1.07
+1.04
+0.76
+0.91
+0.91
+0.87
+0.84
+0.87
+0.82
+0.81
+0.80
+0.80
+ 0.79
+0.81
+ 0.75
+0.75
+0.72
+0.68
+0.68
+0.68
+0.67
+0.66
+0.66
+0.65
+0.63
+0.64
+0.63
±+0.62
+0.62
+0.63
+0.70
+0.74
+0.79
+0.75
+0.75
+0.75
+0.76
+0.75
437.24
165.40
201.70
235.47
212.64
193.37
128.43
165.15
163.90
165.40
164.99
142.53
133.50
126.10
119.75
116.65
113.49
121.11
98.29
96.72
99.06
88.39
83.88
80.95
78.47
78.10
75.85
67.94
64.98
63.72
60.95
58.23
55.80
54.23
32.84
36.39
34.10
31.57
29.49
26.95
21.58
21.09
202
+1.55
-1.14
+1.17
+1.19
+1.18
+1.15
+0.87
+1.02
+1.02
+0.98
+0.95
+0.98
+ 0.93
+0.92
+0.91
+0.91
+ 0.90
+0.92
+0.86
+0.86
+0.83
+0.79
+0.79
+0.79
+0.78
+0.77
+0.77
+0.76
+0.74
+0.75
+0.74
+ 0.73
+0.73
+0.74
+0.81
+0.85
+0.90
+0.86
+0.86
+0.86
+0.87
+0.86
279
10.97
3.97
5.08
5.61
6.17
5.81
2.05
3.86
3.90
3.27
4.20
4.15
4.45
4.23
3.68
4.16
4.16
4.26
3.76
3.67
3.46
2.67
2.90
3.75
3.29
3.53
3.89
3.82
3.51
3.63
3.68
3.68
3.25
3.24
3.74
4.27
4.40
5.26
5.10
5.17
5.38
4.70
keV
+0.41
+0.39
+0.39
+0.39
+0.39
+0.39
+0.38
+0.39
+0.39
+0.39
+0.38
+0.40
10.39
+0.39
+0.39
+0.39
+0.39
+0.39
+0.39
+0.39
+0.40
+0.41
10.41
+0.40
+0.40
+0.40
+0.38
+0.37
+0.37
+0.37
+0.37
+0.37
+0.38
-0.39
+0.40
+0.41
+0.41
+0.42
+0.42
+0.42
+0.42
+0.42
279-Blank
10.97 + 0.49
3.97 + 0.47
5.08 + 0.47
5.61 + 0.47
6.17 + 0.47
5.81 ± 0.47
2.05 + 0.46
3.86 + 0.47
3.90 + 0.47
3.27 + 0.47
4.20 + 0.46
4.15 ± 0.48
4.45 + 0.47
4.23 + 0.47
3.68 + 0.47
4.16 + 0.47
4.16 + 0.47
4.26 + 0.47
3.76 + 0.47
3.67 + 0.47
3.46 ± 0.48
2.67 ± 0.49
2.90 + 0.49
3.75 + 0.48
3.29 + 0.48
3.53 + 0.48
3.89 + 0.46
3.82 + 0.45
3.51 + 0.45
3.63 + 0.45
3.68 + 0.45
3.68 + 0.45
3.25 + 0.46
3.24 + 0.47
3.74 ± 0.48
4.27 ± 0.49
4.40 + 0.49
5.26 + 0.50
5.10 ± 0.50
5.17 ± 0.50
5.38 + 0.50
4.70 + 0.50
Appendix D.1 (continued)
Hg Tracer Count Rate (cts/s)
Sample # pH 77 keV 77-Blank 279 keV 279-Blank
43 4.16 27.01 +0.73 18.90 +0.84 4.82 +0.42 4.82 ± 0.50
44 4.10 29.41 +0.73 21.30 +0.84 5.36 +0.42 5.36 ± 0.50
45 4.23 51.16 ±0.62 43.05 +0.73 3.41 +0.38 3.41 ±0.46
46 4.05 52.28 +0.59 44.17 +0.70 4.98 +0.38 4.98 ± 0.46
47 3.78 53.46 ±0.59 45.34 +0.70 5.27 +0.38 5.27 ± 0.46
48 3.77 50.76 +0.58 42.65 +0.69 5.19 +0.38 5.19 ± 0.46
49 3.59 49.61 +0.58 41.50 +0.69 5.72 +0.38 5.72 ± 0.46
50 3.68 48.45 +0.58 40.34 +0.69 5.53 +0.38 5.53 ± 0.46
51 3.42 42.93 +0.56 34.81 +0.67 4.05 +0.39 4.05 ± 0.47
52 3.27 39.74 +0.56 31.63 +0.67 3.93 +0.38 3.93 ± 0.46
53 3.04 38.54 +0.58 30.43 +0.69 4.49 +0.40 4.49 ± 0.48
54 2.55 38.21 ±0.58 30.10 +0.69 5.07 +0.39 5.07 ± 0.47
55 2.83 40.43 +0.56 32.32 +0.67 5.35 +0.40 5.35 ± 0.48
56 5.45 34.08 +0.56 25.97 +0.67 5.33 +0.38 5.33 ± 0.46
57 5.76 36.66 +0.54 28.55 +0.65 5.31 +0.38 5.31 ± 0.46
58 6.19 32.25 +0.56 24.14 +0.67 5.18 +0.38 5.18 ± 0.46
59 5.96 30.40 +0.56 22.29 +0.67 4.49 +0.38 4.49 ± 0.46
60 6.51 32.60 +0.54 24.49 +0.65 4.95 I0.40 4.95 ± 0.48
61 5.29 30.52 +0.56 22.41 +0.67 5.43 +0.39 5.43 ± 0.47
62 4.87 30.47 +0.54 22.36 +0.65 4.68 +0.39 4.68 ± 0.47
63 5.00 27.63 +0.54 19.52 +0.65 4.61 +0.38 4.61 0.46
64 4.54 28.83 +0.54 20.72 +0.65 5.29 +0.38 5.29 ± 0.46
203
Appendix D.1 (continued)
Top Resin Count Rate (cts/s)
77-Blank#Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
pH
5.47
5.45
5.58
5.67
5.80
5.80
6.08
6.14
6.01
6.20
6.42
6.57
6.45
6.58
6.81
6.78
7.03
7.02
7.26
7.40
7.60
7.76
8.00
8.24
8.51
8.77
9.01
9.53
10.07
10.49
11.05
11.45
5.19
5.25
5.08
4.94
4.79
4.79
4.58
4.49
4.63
4.38
77
293.64
154.51
88.56
114.37
92.76
160.24
135.09
136.75
117.34
90.36
107.21
104.05
93.65
102.42
80.74
87.07
87.69
95.38
83.12
80.35
70.38
69.85
62.68
69.75
58.97
63.54
64.32
56.13
55.78
57.37
52.67
32.32
27.82
21.76
15.91
26.39
26.52
33.56
23.85
24.83
23.16
26.95
keV
+1.15
+0.80
+0.68
+0.73
+0.68
+0.80
+0.77
+0.76
+0.73
+0.80
+0.71
+0.74
+0.72
+0.73
+0.68
+0.71
+0.70
+0.71
+0.66
+0.65
+0.63
+0.63
+0.61
+0.62
+0.60
+0.61
+0.62
+0.59
+0.60
+0.59
+0.59
+0.62
+0.64
+0.62
+ 0.60
+0.69
+0.71
+0.73
+0.69
+0.71
+ 0.70
+0.71
204
285.53
146.40
80.45
106.26
84.65
152.13
126.98
128.64
109.23
82.25
99.10
95.94
85.54
94.31
72.62
78.96
79.58
87.27
75.01
72.24
62.27
61.74
54.57
61.64
50.86
55.43
56.21
48.02
47.66
49.26
44.56
24.21
19.71
13.65
7.80
18.27
18.41
25.45
15.74
16.72
15.05
18.84
+1.26
+0.91
+0.79
+ 0.84
+0.79
-t0.91
+ 0.88
+0.87
+0.84
+ 0.91
+0.82
+0.85
+0.83
+0.84
+0.79
+0.82
+0.81
+0.82
+0.77
+0.76
+0.74
+0.74
+0.72
+0.73
+0.71
+0.72
+0.73
+0.70
+0.71
+0.70
+0.70
+0.73
+0.75
+0.73
+0.71
+0.80
+ 0.82
+0.84
+ 0.80
+0.82
+0.81
+ 0.82
279
7.16
2.72
1.82
2.38
1.62
3.83
2.40
2.60
2.45
2.32
2.47
1.53
2.84
3.13
2.41
3.06
2.74
3.10
2.55
2.03
2.03
2.09
1.85
2.04
2.36
3.06
3.16
2.70
2.78
3.05
2.76
1.92
1.47
1.05
0.44
2.86
4.62
4.78
3.09
3.98
3.22
4.33
keV
+0.39
+0.39
+0.37
+0.37
+0.37
+0.38
+0.38
+0.38
+0.38
+0.39
+10.38
+0.38
+0.39
+0.39
+0.39
+0.39
+0.39
+0.40
+0.39
+0.41
+0.40
+ 0.40
+0.40
+0.41
+0.38
+0.38
+0.38
+0.37
+0.37
+0.37
-0.37
+0.40
+0.41
+0.40
±+0.39
+0.41
+ 0.41
+0.42
+ 0.42
+0.42
+0.42
+0.42
279-Blank
7.16 + 0.47
2.72 + 0.47
1.82 + 0.45
2.38 +0.45
1.62 + 0.45
3.83 ± 0.46
2.40 + 0.46
2.60 ± 0.46
2.45 + 0.46
2.32 +0.47
2.47 + 0.46
1.53 +0.46
2.84 + 0.47
3.13 +0.47
2.41 + 0.47
3.06 + 0.47
2.74 + 0.47
3.10 +0.48
2.55 + 0.47
2.03 + 0.49
2.03 + 0.48
2.09 +0.48
1.85 + 0.48
2.04 +0.49
2.36 + 0.46
3.06 +0.46
3.16 + 0.46
2.70 +0.45
2.78 + 0.45
3.05 +0.45
2.76 + 0.45
1.92 +_ 0.48
1.47 + 0.49
1.05 +0.48
0.44 + 0.47
2.86 ±0.49
4.62 + 0.49
4.78 + 0.50
3.09 + 0.50
3.98 ±0.50
3.22 + 0.50
4.33 + 0.50
Appendix D.1 (continued)
Top Resin Count Rate (cts/s)
Sample # pH 77 keV 77-Blank 279 keV 279-Blank
43 4.16 23.77 ±0.67 15.66 ±0.78 4.17 ±0.42 4.17 + 0.50
44 4.10 47.99 +0.57 39.88 ±0.68 5.28 ±0.37 5.28 ±0.45
45 4.23 45.70 +0.56 37.59 ±0.67 4.18 ±0.38 4.18 + 0.46
46 4.05 44.48 +0.57 36.37 ±0.68 4.48 ±0.38 4.48 +0.46
47 3.78 42.95 ±0.57 34.84 ±0.68 4.50 ±0.38 4.50 0.46
48 3.77 42.08 +0.56 33.97 ±0.67 4.25 ±0.38 4.25 ±0.46
49 3.59 40.96 +0.56 32.84 ±0.67 4.55 ±0.38 4.55 +0.46
50 3.68 37.38 ±0.55 29.26 +0.66 3.50 ±0.39 3.50 +0.47
51 3.42 36.10 ±0.56 27.99 ±0.67 3.20 ±0.39 3.20 ± 0.47
52 3.27 32.60 +0.57 24.48 ±0.68 3.97 ±0.39 3.97 +0.47
53 3.04 35.48 +0.55 27.37 +0.66 4.32 ±0.40 4.32 + 0.48
54 2.55 33.17 ±0.47 25.06 ±0.58 4.21 ±0.40 4.21 +0.48
55 2.83 29.84 +0.54 21.73 ±0.65 4.42 ±0.38 4.42 +0.46
56 5.45 26.59 +0.53 18.48 +0.64 3.70 +0.38 3.70 +0.46
57 5.76 28.76 +0.54 20.64 ±0.65 4.12 ±0.38 4.12 ± 0.46
58 6.19 30.01 +0.54 21.90 +0.65 4.66 +0.39 4.66 +0.47
59 5.96 26.80 +0.53 18.69 10.64 3.95 ±0.39 3.95 + 0.47
60 6.51 25.45 +0.53 17.34 +0.64 4.07 +0.38 4.07 +0.46
61 5.29 23.29 +0.52 15.18 _0.63 3.66 ±0.38 3.66 ± 0.46
62 4.87 22.58 ±0.52 14.47 +0.63 3.71 ±0.38 3.71 +0.46
63 5.00 24.05 ±0.51 15.94 ±0.62 3.62 ±0.38 3.62 +0.46
64 4.54 23.68 +0.54 15.57 +0.65 3.89 +0.38 3.89 +0.46
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Appendix D.1 (continued)
Bottom Resin Count Rate (cts/s)
77-BlankSample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
# pH
5.47
5.45
5.58
5.67
5.80
5.80
6.08
6.14
6.01
6.20
6.42
6.57
6.45
6.58
6.81
6.78
7.03
7.02
7.26
7.40
7.60
7.76
8.00
8.24
8.51
8.77
9.01
9.53
10.07
10.49
S11.05
11.45
5.19
5.25
5.08
4.94
4.79
4.79
4.58
4.49
4.63
4.38
77
17.10
12.19
35.05
40.29
40.03
17.33
23.20
13.75
15.91
19.43
17.40
24.70
18.60
17.42
19.35
12.41
10.99
14.63
13.57
12.10
11.90
15.01
7.92
10.84
9.95
11.85
12.77
9.90
11.16
9.58
9.95
8.68
9.22
9.74
6.18
8.94
9.49
8.38
8.65
7.92
8.84
7.64
206
keV
+0.49
+0.49
+0.54
+0.56
+0.56
+0.50
+0.51
+0.48
+0.49
+0.51
+0.49
+0.53
+0.50
+0.51
+0.51
+0.49
+0.48
+0.49
+0.48
+0.48
+0.47
+0.49
+0.65
+0.65
+0.66
+0.67
+0.68
+0.66
±+0.66
+0.65
+0.65
+0.72
+0.72
+0.74
+0.75
+0.72
+0.72
+0.51
+0.73
+0.74
+0.73
+0.65
8.98
4.08
26.94
32.18
31.92
9.21
15.08
5.64
7.80
11.32
9.29
16.59
10.49
9.31
11.24
4.30
2.88
6.52
5.46
3.99
3.79
6.90
-0.19
2.73
1.84
3.74
4.66
1.79
3.05
1.47
1.84
0.57
1.11
1.62
-1.94
0.83
1.38
0.27
0.54
-0.19
0.73
-0.47
+0.60
±0.60
+0.65
+0.67
+0.67
+0.61
+0.62
+0.59
+0.60
+0.62
+0.60
+0.64
±+0.61
+0.62
+0.62
+0.60
+0.59
+0.60
+0.59
+0.59
+0.58
+0.60
+0.76
+0.76
±0.77
+0.78
+0.79
+0.77
+0.77
+0.76
+0.76
+0.83
+0.83
+0.85
+0.86
±0.83
±+0.83
+0.62
+0.84
+0.85
+0.84
+0.76
279
0.00
0.00
0.15
0.22
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.13
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
keV
+0.37
+0.36
+0.37
+0.37
±0.37
+0.36
+0.37
+0.36
+0.36
+0.36
+0.68
+0.36
+0.38
+0.37
+0.38
+0.37
+0.38
+0.38
+0.38
+0.38
+0.39
+0.38
+0.56
+0.56
+0.53
+0.53
+0.54
+0.50
+0.50
+0.50
+0.50
+0.54
+0.54
+0.54
+0.53
+0.56
+0.56
+0.40
+0.56
+0.56
+0.56
+0.50
279-Blank
0.00 + 0.45
0.00 +0.44
0.15 ± 0.45
0.22 +0.45
0.00 + 0.45
0.00 ±0.44
0.00 _ 0.45
0.00 ±0.44
0.00 + 0.44
0.00 +0.44
0.00 + 0.76
0.00 +0.44
0.00 + 0.46
0.00 +0.45
0.13 + 0.46
0.00 +0.45
0.00 + 0.46
0.00 +0.46
0.00 + 0.46
0.00 +0.46
0.00 + 0.47
0.00 +0.46
0.00 + 0.64
0.00 +0.64
0.00 + 0.61
0.00 +0.61
0.04 + 0.62
0.00 +0.58
0.00 + 0.58
0.00 +0.58
0.00 + 0.58
0.00 +0.62
0.00 + 0.62
0.00 +0.62
0.00 + 0.61
0.00 +0.64
0.00 + 0.64
0.00 +0.48
0.00 + 0.64
0.00 + 0.64
0.00 + 0.64
0.00 +0.58
Appendix D.1 (continued)
Bottom Resin Count Rate (cts/s)
Sample # pH 77 keV 77-Blank 279 keV 279-Blank
43 4.16 9.20 -0.65 1.09 +0.76 0.00 ±0.51 0.00 + 0.59
44 4.10 8.74 +0.65 0.63 +0.76 0.00 +0.51 0.00 +0.59
45 4.23 9.50 +0.65 1.39 +0.76 0.00 +0.51 0.00 +0.59
46 4.05 8.69 +0.66 0.58 +0.77 0.00 ±0.50 0.00 + 0.58
47 3.78 9.83 +0.66 1.72 +0.77 0.00 ±0.51 0.00 + 0.59
48 3.77 9.01 +0.66 0.90 +0.77 0.00 +0.51 0.00 +0.59
49 3.59 9.83 ±0.47 1.72 +0.58 0.00 ±0.36 0.00 + 0.44
50 3.68 8.94 +0.64 0.83 +0.75 0.00 +0.54 0.00 +0.62
51 3.42 9.70 +0.66 1.59 +0.77 0.00 ±0.55 0.00 + 0.63
52 3.27 10.61 +0.66 2.50 +0.77 0.00 +0.55 0.00 +0.63
53 3.04 10.29 ±0.66 2.18 +0.77 0.00 ±0.54 0.00 + 0.62
54 2.55 10.96 ±0.68 2.85 +0.79 0.29 ±0.52 0.29 +0.60
55 2.83 11.22 ±0.67 3.11 +0.78 0.33 ±0.52 0.33 + 0.60
56 5.45 10.63 +0.67 2.52 +0.78 0.00 +0.51 0.00 +0.59
57 5.76 8.76 +0.67 0.65 +0.78 0.00 ±0.50 0.00 + 0.58
58 6.19 8.58 +0.67 0.47 +0.78 0.00 +0.53 0.00 + 0.61
59 5.96 8.48 +0.65 0.37 +0.76 0.00 +0.54 0.00 + 0.62
60 6.51 9.82 +0.66 1.71 +0.77 0.00 +0.51 0.00 +0.59
61 5.29 9.12 +0.65 1.01 +0.76 0.00 +0.51 0.00 + 0.59
62 4.87 9.10 +0.66 0.99 +0.77 0.00 ±0.52 0.00 +0.60
63 5.00 8.91 +0.65 0.80 +0.76 0.00 ±0.51 0.00 + 0.59
64 4.54 8.09 +0.69 -0.02 +0.80 0.00 +0.50 0.00 +0.58
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Appendix
II
208
II
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
3,0
31
32
33
34
35
36
37
38
39
40
41
42
D.1 (continued)
Top Resin
Elaspe Time
# pH (hr:min)
5.47 4:54
5.45 7:25
5.58 9:33
5.67 11:14
5.80 7:26
5.80 6:14
6.08 8:54
6.14 6:33
6.01 7:44
6.20 9:36
6.42 10:53
6.57 9:57
6.45 5:31
6.58 5:53
6.81 14:32
6.78 11:52
7.03 11:55
7.02 14:37
7.26 6:48
7.40 17:56
7.60 17:55
7.76 10:18
8.00 9:48
8.24 7:50
8.51 9:37
8.77 11:15
9.01 9:05
9.53 4:20
10.07 6:02
10.49 4:38
11.05 5:22
11.45 8:45
5.19 8:21
5.25 10:15
5.08 12:07
4.94 9:42
4.79 0:58
4.79 4:03
4.58 10:18
4.49 9:30
4.63 7:09
4.38 7:27
Bottom Resin
Elaspe Time
(hr:min)
5:55
8:26
11:32
13:23
10:30
9:46
10:03
7:35
8:45
21:54
13:08
12:19
6:35
6:55
16:34
14:00
16:46
17:00
10:33
19:02
23:35
7:43
22:12
22:17
20:44
21:36
19:58
10:22
10:41
7:26
7:25
19:16
17:18
16:29
11:36
4:25
4:54
7:06
12:01
12:53
11:14
17:41
Top Resin
Elaspe Time(d)
0.204
0.309
0.398
0.468
0.310
0.260
0.371
0.273
0.322
0.400
0.453
0.415
0.230
0.245
0.606
0.494
0.497
0.609
0.283
0.747
0.747
0.429
0.408
0.326
0.401
0.469
0.378
0.181
0.251
0.193
0.224
0.365
0.348
0.427
0.505
0.404
1.040
0.169
0.429
0.396
0.298
0.310
Bottom Resin
Elaspe Time
(d)
0.247
0.351
0.481
0.558
0.438
0.407
0.419
0.316
0.365
0.912
0.547
0.513
0.274
0.288
0.690
0.583
0.699
0.708
0.440
0.793
0.983
0.322
0.925
0.928
0.864
0.900
0.832
0.432
0.445
0.310
0.309
0.803
0.721
0.687
0.483
1.184
1.204
0.296
0.501
0.537
0.468
0.737
Appendix D.1 (continued)
Sample #
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
pH
4.16
4.10
4.23
4.05
3.78
3.77
3.59
3.68
3.42
3.27
3.04
2.55
2.83
5.45
5.76
6.19
5.96
6.51
5.29
4.87
5.00
4.54
Top Resin
Elaspe Time
(hr:min)
10:01
9:09
7:15
5:57
6:37
6:50
7:55
10:16
3:37
2:14
4:45
3:48
13:42
3:44
4:37
4:40
4:46
10:27
8:47
9:42
4:48
4:34
209
Bottom Resin
Elaspe Time
(hr:min)
13:51
12:07
10:41
10:29
9:28
7:51
9:32
16:24
7:43
19:17
3:08
18:53
18:53
8:57
7:12
6:48
6:56
13:34
12:24
12:24
5:54
5:46
Top Resin
Elaspe Time
(d)
0.417
0.381
0.302
0.248
0.276
0.285
0.330
0.428
0.151
0.093
0.198
0.158
0.571
0.156
0.192
0.194
0.199
0.435
0.366
0.404
0.200
0.190
II
Bottom Resin
Elaspe Time
(d)
0.577
0.505
0.445
0.437
0.394
0.327
0.397
0.683
0.322
0.803
0.131
0.787
0.787
0.373
0.300
0.283
0.289
0.565
0.517
0.517
0.246
0.240
Appendix D.1 (continued)
Tracer Count Rate Corrected With
Top Resin Elapse Time (cts/s) Top Resin Efficiency
pH 77 keV 279 keV 77Sample #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30 ,
31
32
33
34
35
36
37
38
39
40
41
42
5.47
5.45
5.58
5.67
5.80
5.80
6.08
6.14
6.01
6.20
6.42
6.57
6.45
6.58
6.81
6.78
7.03
7.02
7.26
7.40
7.60
7.76
8.00
8.24
8.51
8.77
9.01
9.53
10.07
10.49
11.05
11.45
5.19
5.25
5.08
4.94
4.79
4.79
4.58
4.49
4.63
4.38
414.67
152.65
181.90
208.52
196.21
180.77
116.64
153.86
150.75
149.08
146.67
127.99
125.77
118.33
102.33
102.59
99.76
103.40
91.32
79.66
81.61
79.07
75.44
74.37
70.71
69.15
68.75
64.83
60.87
60.60
57.51
52.97
50.98
48.54
28.81
32.76
26.03
30.22
26.38
24.31
19.97
19.46
±+1.47
±1.05
±1.05
±+1.06
± 1.09
±1.08
±0.79
±0.95
±0.94
±0.88
±0.84
+0.88
+0.88
±0.86
±+0.78
±0.80
±0.79
±0.78
± 0.80
±0.70
±0.68
+0.71
±0.71
±0.72
±0.70
±0.68
±0.70
± 0.72
±0.70
±0.71
±0.70
±+0.66
±0.67
±0.66
±0.71
± 0.77
±0.69
±0.82
± 0.77
±0.78
± 0.80
±0.79
10.93
3.95
5.05
5.57
6.14
5.79
2.04
3.85
3.88
3.25
4.17
4.12
4.43
4.22
3.64
4.13
4.13
4.22
3.75
3.63
3.42
2.65
2.89
3.73
3.27
3.50
3.87
3.81
3.50
3.62
3.66
3.66
3.24
3.22
3.71
4.25
4.33
5.24
5.07
5.14
5.36
4.68
± 0.48
±0.46
±0.46
±0.47
±0.46
±0.46
±0.45
±0.47
±0.46
±0.47
±0.46
±0.48
± 0.47
±+0.47
±0.47
±0.46
±0.47
±0.47
±0.47
±0.47
±0.48
±0.49
±0.48
±0.47
±0.48
±0.48
±0.46
±0.45
±0.45
±0.45
±0.45
±0.45
±0.45
± 0.47
±0.48
± 0.48
±0.49
±0.50
±0.50
±0.50
±0.50
±0.50
210
0.69
0.96
0.44
0.51
0.43
0.84
1.09
0.84
0.72
0.55
0.68
0.75
0.68
0.80
0.71
0.77
0.80
0.84
0.82
0.91
0.76
0.78
0.72
0.83
0.72
0.80
0.82
0.74
0.78
0.81
0.77
0.46
0.39
0.28
0.27
0.56
0.71
0.84
0.60
0.69
0.75
0.97
keV
+0.004
+0.009
±+0.005
+0.005
+0.005
+0.007
+0.011
±+0.008
+0.007
+0.007
+0.007
+0.008
+0.008
+0.009
+0.009
_+0.010
+ 0.010
_+0.010
+0.011
±+0.012
_+0.011
+0.012
+0.012
+ 0.013
+0.012
+0.013
+0.013
+0.014
+0.015
+0.015
+ 0.015
±+0.015
+0.016
+ 0.015
+0.026
±+0.028
+0.037
+0.036
+0.035
+0.040
_+0.051
±+0.058
279 keV
0.66 ±0.05
0.69 ±0.13
0.36 ±0.08
0.43 ±0.08
0.26 ±0.06
0.66 ±0.08
1.18 ±0.32
0.68 ±0.13
0.63 ±0.12
0.72 ±0.16
0.59 ±0.11
0.37 ±0.10
0.64 ±0.11
0.74 ±0.12
0.66 ±0.14
0.74 ±0.13
0.67 ±0.12
0.73 ±0.12
0.68 ±0.14
0.56 ±0.13
0.60 ±0.14
0.79 ±0.21
0.65 ±0.18
0.55 ±0.13
0.73 ±0.16
0.88 ±0.16
0.82 ±0.14
0.71 ±0.13
0.80 ±0.15
0.85 ±0.15
0.75 ±0.14
0.53 ±0.13
0.46 ±0.14
0.33 ±0.13
0.12 ±0.11
0.68 ±0.12
1.07 ±0.15
0.91 ±0.12
0.61 +0.10
0.78 ±0.11
0.60 ±0.10
0.93 ±0.13
Appendix D.1 (continued)
Tracer Count Rate Corrected With
Top Resin Elapse Time (cts/s) Top Resin Efficiency
Sample # pH 77 keV 279 keV 77 keV 279 keV
43 4.16 16.96 ±0.76 4.79 ±0.49 0.92 ±0.062 0.87 ±0.13
44 4.10 19.29 ±0.76 5.33 ±0.50 2.07 ±0.089 0.99 ±0.12
45 4.23 39.80 ±0.67 3.39 ±0.46 0.94 ±0.023 1.24 ±0.20
46 4.05 41.42 ±0.65 4.96 ±0.46 0.88 ±0.021 0.91 ±0.11
47 3.78 42.21 ±0.65 5.25 ±0.46 0.83 ±0.020 0.86 ±0.10
48 3.77 39.61 ±0.64 5.17 ±0.46 0.86 ±0.022 0.82 ±0.10
49 3.59 38.09 ±0.63 5.69 ±0.45 0.86 ±0.023 0.80 ±0.09
50 3.68 36.10 ±0.61 5.50 ±0.46 0.81 ±0.023 0.64 ±0.09
51 3.42 33.48 ±0.65 4.04 ±0.47 0.84 ±0.026 0.79 ±0.13
52 3.27 30.87 ±0.66 3.92 ±0.46 0.79 ±0.028 1.02 ±0.16
53 3.04 28.91 ±0.65 4.47 ±0.48 0.95 ±0.031 0.97 ±0.14
54 2.55 28.89 ±0.66 5.06 ±0.47 0.87 ±0.028 0.84 ±0.11
55 2.83 27.87 ±0.58 5.30 ±0.48 0.78 ±0.028 0.84 ±0.10
56 5.45 24.94 ±0.64 5.32 ±0.46 0.74 ±0.032 0.70 ±0.09
57 5.76 27.16 ±0.62 5.30 ±0.46 0.76 ±0.029 0.78 ±0.10
58 6.19 22.95 ±0.64 5.16 ±0.46 0.95 ±0.039 0.90 ±0.11
59 5.96 21.17 ±0.63 4.48 ±0.46 0.88 ±0.040 0.88 ±0.13
60 6.51 21.87 ±0.58 4.92 ±0.48 0.79 ±0.036 0.83 ±0.11
61 5.29 20.38 ±0.61 5.40 ±0.47 0.74 ±0.038 0.68 ±0.09
62 4.87 20.13 ±0.58 4.66 ±0.46 0.72 ±0.038 0.80 ±0.11
63 5.00 18.53 ±0.62 4.60 ±0.46 0.86 ±0.044 0.79 ±0.11
64 4.54 19.72 ±0.61 5.27 ±0.46 0.79 ±0.041 0.74 ±0.10
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Appendix D.1 (continued)
Tracer Count Rate Corrected With
Sample Bottom Resin Elapse Time (cts/s) Bottom Resin Efficiency
# pH 77 keV 279 keV
1 5.47
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
5.45
5.58
5.67
5.80
5.80
6.08
6.14
6.01
6.20
6.42
6.57
6.45
6.58
6.81
6.78
7.03
7.02
7.26
7.40
7.60
7.76
8.00
8.24
8.51
8.77
9.01
9.53
10.07
1,0.49
11.05
11.45
5.19
5.25
5.08
4.94
4.79
4.79
4.58
4.49
4.63
4.38
410.13
150.98
178.04
203.73
189.81
173.99
115.20
152.15
149.10
130.51
143.14
124.75
124.33
117.01
100.11
100.25
94.66
100.76
87.69
78.72
76.75
81.31
65.97
63.61
62.70
61.83
61.12
60.74
57.88
58.79
56.25
47.28
46.27
45.38
28.97
26.76
24.95
29.24
25.90
23.44
19.11
17.42
10.93 ±0.48±1.45
±1.04
±1.03
±1.03
±1.05
±1.04
±0.78
±0.94
±0.93
±0.77
±0.82
±0.86
±0.87
±0.85
±0.76
±0.78
±0.75
±0.76
±0.77
±0.70
±0.64
±0.73
±0.62
±0.62
±+0.62
±0.61
±0.62
±0.68
±0.66
±0.69
±0.68
±0.59
±0.60
±0.62
±0.71
±0.63
±0.66
±0.80
±0.76
±0.75
±0.77
±0.71
3.94
5.04
5.56
6.13
5.77
2.04
3.85
3.88
3.23
4.16
4.12
4.43
4.21
3.64
4.13
4.12
4.22
3.74
3.63
3.41
2.66
2.86
3.70
3.25
3.48
3.85
3.79
3.49
3.61
3.66
3.63
3.22
3.20
3.72
4.20
4.32
5.23
5.06
5.12
5.35
4.65
II
212
± 0.46
±0.46
± 0.47
±0.46
±0.46
±0.45
±0.47
±0.46
±0.46
±0.46
±0.48
± 0.47
±0.47
±0.47
± 0.46
±0.47
±0.47
±0.47
±0.47
±0.47
±0.49
±0.48
±0.47
±0.48
±0.48
±0.46
±0.45
±0.45
±0.45
±0.45
±0.44
±0.45
±0.47
±0.48
±0.48
±0.49
± 0.50
±0.50
±0.50
±0.50
±0.50
77
2.2E-2
2.7E-2
1.5E-1
1.6E-1
1.7E-1
5.3E-2
1.3E-1
3.7E-2
5.2E-2
8.7E-2
6.5E-2
1.3E-1
8.4E-2
8.OE-2
1.1E-1
4.3E-2
3.OE-2
6.5E-2
6.2E-2
5.1E-2
4.9E-2
8.5E-2
-2.9E-3
4.3E-2
2.9E-2
6.OE-2
7.6E-2
3.OE-2
5.3E-2
2.5E-2
3.3E-2
1.2E-2
2.4E-2
3.6E-2
-6.7E-2
3.1E-2
5.5E-2
9.2E-3
2.1 E-2
-8.2E-3
3.8E-2
-2.7E-2
keV
+1.5E-3
± 4.OE-3
+ 3.7E-3
- 3.4E-3
S3.6E-3
S3.5E-3
± 5.4E-3
± 3.9E-3
± 4.OE-3
± 4.8E-3
S4.2E-3
+ 5.2E-3
±5.OE-3
±5.3E-3
- 6.3E-3
S6.OE-3
± 6.2E-3
S6.OE-3
- 6.8E-3
_ 7.5E-3
S7.6E-3
+ 7.4E-3
±-1.2E-2
±1.2E-2
+1.2E-2
±1.3E-2
+1.3E-2
"1.3E-2
±1.3E-2
+1.3E-2
±1.4E-2
_1.8E-2
_1.8E-2
S1.9E-2
- -3.OE-2
+3.1E-2
+3.3E-2
±2.1 E-2
±3.2E-2
± -3.6E-2
± 4.4E-2
+ -4.3E-2
279
O.OE+O
O.OE+O
2.7E-2
3.9E-2
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
1.9E-2
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
4.2E-3
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
O.OE+O
keV
± O.OE+O
_O.OE+O
± 6.7E-2
± 6.6E-2
± O.OE+O
± O.OE+O
+ O.OE+O
±O.OE+O
SO.OE+O
SO.OE+O
_0.OE+O
SO.OE+O
_O.OE+O
SO.OE+O
- 5.6E-2
_0.OE+O
SO.OE+O
SO.OE+O
±O.OE+O
±O.OE+O
±O.OE+O
±O.OE+O
+O.OE+O
_O.OE+O
+ O.OE+O
SO.OE+O
±6.1E-2
+O.OE+O
1 O.OE+O
±O.OE+O
+ O.OE+O
SO.OE+O
± O.OE+O
± O.OE+O
+O.OE+O
"O.OE+O
SO.OE+O
± O.OE+O
± O.OE+O
SO.OE+O
SO.OE+O
_O.OE+O
Appendix D.1 (continued)
Tracer Count Rate Corrected With
Sample Bottom Resin Elapse Time (cts/s) Bottom Resin Efficiency
# pH 77 keV 279 keV 77 keV 279 keV
43 4.16 16.27 ±0.72 4.77 ±0.49 6.7E-2 ±4.7E-2 O.OE+O ±O.OE+O
44 4.10 18.68 ±0.73 5.32 ±0.50 3.4E-2 ±4.1E-2 O.OE+O ±O.OE+O
45 4.23 38.35 ±0.65 3.38 ±0.46 3.6E-2 +2.0E-2 O.OE+O ±O.OE+O
46 4.05 39.43 ±0.62 4.95 ±0.46 1.5E-2 ±1.9E-2 O.OE+O ±O.OE+O
47 3.78 40.93 ±0.63 5.24 ±0.46 4.2E-2 +1.9E-2 O.OE+O ±O.OE+O
48 3.77 39.17 ±0.63 5.17 ±0.46 2.3E-2 ±2.0E-2 O.OE+O ±0.OE+O
49 3.59 37.43 ±0.62 5.69 ±0.45 4.6E-2 ±1.5E-2 O.OE+O ±O.OE+O
50 3.68 33.78 ±0.57 5.47 ±0.45 2.4E-2 ±2.2E-2 O.OE+O ±O.OE+O
51 3.42 32.03 ±0.62 4.03 ±0.47 5.OE-2 +2.4E-2 O.OE+O ±O.OE+O
52 3.27 25.67 ±0.55 3.88 ±0.46 9.7E-2 ±3.0E-2 O.OE+O ±O.OE+O
53 3.04 29.42 ±0.67 4.48 ±0.48 7.4E-2 ±2.6E-2 O.OE+O ±O.OE+O
54 2.55 24.54 ±0.56 5.01 ±0.47 1.2E-1 -3.2E-2 1.1E-1 +2.1E-1
55 2.83 26.35 ±0.55 5.28 ±0.47 1.2E-1 +3.OE-2 1.2E-1 +1.8E-1
56 5.45 23.57 ±0.61 5.30 ±0.46 1.1E-1 ±3.3E-2 O.OE+O _0.OE+O
57 5.76 26.41 ±0.60 5.29 ±0.46 2.5E-2 _3.OE-2 O.OE+O +O.OE+O
58 6.19 22.42 ±0.62 5.16 ±0.46 2.1E-2 ±3.5E-2 O.OE+O O.OE+O
59 5.96 20.68 ±0.62 4.47 ±0.46 1.8E-2 +3.7E-2 O.OE+O ±O.OE+O
60 6.51 21.15 ±0.57 4.91 ±0.48 8.1E-2 +3.7E-2 O.OE+O +O.OE+O
61 5.29 19.59 ±0.58 5.38 ±0.47 5.1E-2 ±3.9E-2 O.OE+O ±O.OE+O
62 4.87 19.55 ±0.57 4.65 ±0.46 5.1E-2 ±3.9E-2 O.OE+O ±O.OE+O
63 5.00 18.31 ±0.61 4.60 ±0.46 4.4E-2 ±4.2E-2 O.OE+O ±O.OE+O
64 4.54 19.47 ±0.61 5.27 ±0.46 -1.1E-3 ±-3.9E-2 O.OE+O ±O.OE+O
213
Appendix D.1 (continued)
Appendix D.1 (continued)i
214
Sample #
1
3
4
5
6
8
9
10
11
12
13
14
18
23
24
25
28
29
30
31
32
35
36
40
43
45
48
49
50
51
52
53
54
55
56
57
58
59
60
62
63
64
pH
5.47
5.58
5.67
5.80
5.80
6.14
6.01
6.20
6.42
6.57
6.45
6.58
7.02
8.00
8.24
8.51
9.53
10.07
10.49
11.05
11.45
5.08
4.94
4.49
4.16
4.23
3.77
3.59
3.68
3.42
3.27
3.04
2.55
2.83
5.45
5.76
6.19
5.96
6.51
4.87
5.00
4.54
Time to pump
1 liter (hr:min)
3:45
3:01
2:58
3:05
3:28
3:24
5:05
4:45
4:34
4:01
3:43
3:34
2:55
3:02
2:57
3:09
2:40
2:49
3:29
2:56
3:14
2:42
2:28
2:25
2:31
2:44
1:55
1:55
2:12
1:31
1:05
2:10
1:02
0:54
2:37
2:53
2:59
2:45
2:57
3:12
3:16
3:12
Time to pump
1 liter (d)
0.156
0.126
0.124
0.128
0.144
0.142
0.212
0.198
0.190
0.167
0.155
0.149
0.122
0.126
0.123
0.131
0.111
0.117
0.145
0.122
0.135
0.113
0.103
0.101
0.105
0.114
0.080
0.080
0.092
0.063
0.045
0.090
0.043
0.038
0.109
0.120
0.124
0.115
0.123
0.133
0.136
0.133
Flow Rate
(cc/min)
4.44 ±2.11
5.52 - 2.35
5.62 ± 2.37
5.41 ± 2.32
4.81 - 2.19
4.90 2.21
3.28 - 1.81
3.51 + 1.87
3.65 ± 1.91
4.15 ± 2.04
4.48 + 2.12
4.67 +-2.16
5.71 + 2.39
5.49 + 2.34
5.65 + 2.38
5.29 + 2.30
6.25 + 2.50
5.92 + 2.43
4.78 + 2.19
5.68 + 2.38
5.15 + 2.27
6.17 + 2.48
6.76 + 2.60
6.90 + 2.63
6.62 2.57
6.10 + 2.47
8.70 + 2.95
8.70 + 2.95
7.58 + 2.75
10.99 + 3.31
15.38 + 3.92
7.69 + 2.77
16.13 + 4.02
18.52 + 4.30
6.37 + 2.52
5.78 + 2.40
5.59 + 2.36
6.06 + 2.46
5.65 + 2.38
5.21 + 2.28
5.10 + 2.26
5.21 + 2.28
D.2 At Various Flow Rates
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Integral Count
Top Resin
--
215
Flow Rate
# (cc/min)
6.00
3.95
1.53
1.88
4.86
9.40
3.33
3.90
4.98
1.74
2.73
3.44
10.47
9.01
9.58
6.87
6.52
5.24
6.22
8.94
7.82
2.13
8.57
2.11
2.46
12.74
9.77
7.50
2.61
1.68
Hg
77 keV
95746
96192
94918
95313
95068
94659
94281
94488
94070
93531
93015
92768
92208
92492
84245
84394
84054
84105
84537
84217
86580
86182
85792
85796
84584
86933
82117
83061
84396
84470
Tracer
279 keV
38091
38370
36915
38160
38068
37997
37985
38201
37935
38535
38218
37931
38002
38069
38453
37947
38184
37885
39529
39578
38708
39787
39167
39299
39858
37928
37850
38403
39202
39457
D.2 At Various Flow Rates i
I
77 keV
92907
92427
91626
91483
93477
91779
91522
92089
92821
91010
89512
90216
90837
91507
83470
82976
82790
83637
84673
84200
85116
85175
83734
84402
82847
82195
81954
83120
81967
81956
279 keV
36469
36345
36458
36499
37049
36489
36738
36892
37571
36868
36419
36952
37888
37944
37373
36896
36274
36911
38359
38240
38602
38237
36595
38330
39039
37279
37611
36791
38074
38121
Bottom
77 keV
37089
36941
36694
36561
37035
37035
37080
36709
37250
37060
37536
96921
37592
37179
37996
38320
37734
37815
38454
38976
78321
38053
37299
37088
36972
37209
38399
38188
37784
38465
Resin
279 keV
12914
12948
12959
12955
13123
13160
12846
12973
13140
13141
13286
12925
13237
12895
14184
14104
14008
14062
14168
14027
27778
14357
14128
14512
14341
13457
13351
13340
14225
14438
Appendix D.2 (continued)
Area
Tracer
279 keV
0021
0650
Top
#Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
216
Flow Rate
(cc/min)
6.00
3.95
1.53
1.88
4.86
9.40
3.33
3.90
4.98
1.74
2.73
3.44
10.47
9.01
9.58
6.87
6.52
5.24
6.22
8.94
7.82
2.13
8.57
2.11
2.46
12.74
9.77
7.50
2.61
1.68
Hg
77 keV
28636
28219
28678
28030
27958
27091
27546
27393
27477
25918
27420
26175
26005
25637
20787
20779
20596
20962
20232
19207
18922
18127
19319
18138
18456
18500
19942
19446
18186
18477
7527 0
9115
8940
9028
8977
9175
9391
9405
8725
9188
8731
8832
9639
9063
8267
9644
7915
9019
8228
7998
9377
9327
7769
9248
8678
7760
8513
6832
8757
77 keV
26569
26794
25708
26773
27477
26904
25844
26111
26153
24410
23062
23691
24597
26677
19082
19683
18845
19459
17998
17997
18351
18132
18476
18769
18654
18812
18819
18380
17962
17906
Count
Resin
279 keV
7709
8355
8118
7379
8419
7879
7548
8212
9071
8168
6659
7742
9118
8534
8603
7866
7294
7571
7589
8210
7762
6687
6185
7270
7579
7229
8151
6751
7554
6761
Bottom
77 keV
7824
8073
7234
7663
7905
7410
7208
8051
7610
7937
7791
7521
7997
7186
6976
8530
7606
7050
7621
6793
14893
7618
7629
7403
6972
7329
7184
7595
7431
7527
Resin
279 keV
0
0
0
0
283
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
371
0
0
0
Appendix D.2 (continued)
Background Count per Channel
T
'ISample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
217
II IFlow Rate
# (cc/min)
6.00
3.95
1.53
1.88
4.86
9.40
3.33
3.90
4.98
1.74
2.73
3.44
10.47
9.01
9.58
6.87
6.52
5.24
6.22
8.94
7.82
2.13
8.57
2.11
2.46
12.74
9.77
7.50
2.61
1.68
Hg
77 keV
1525
1545
1505
1529
1525
1536
1517
1525
1513
1537
1491
1513
1505
1519
1442
1446
1442
1435
1461
1478
1538
1547
1511
1538
1503
1555
1413
1446
1505
1500
racer
279 keV
476
470
471
495
492
492
488
488
484
505
492
495
494
482
498
503
484
508
517
531
521
515
506
534
519
496
510
507
549
520
Top
77 keV
1508
1492
1498
1471
1500
1474
1493
1500
1515
1514
1510
1512
1505
1473
1463
1438
1453
1459
1515
1505
1517
1524
1483
1492
1459
1441
1435
1471
1455
1456
Resin
279 keV
487
474
480
494
485
485
495
486
483
486
504
495
488
498
488
492
491
497
522
509
523
535
515
526
533
509
499
50'9
517
532
Bottom
77 keV
665
656
670
657
662
673
679
651
674
662
676
2032
673
682
705
677
685
699
701
731
1442
692
674
675
682
679
709
695
690
703
Resin
279 keV
219
219
220
220
218
223
218
220
223
223
225
219
224
219
240
239
237
238
240
238
471
243
239
246
243
228
220
226
241
245
Appendix D.2 (continued)
Area Count Standard Deviation
Hg Tracer
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Hg Tracer ~I
218
#
Flow Rate
(cc/min)
6.00
3.95
1.53
1.88
4.86
9.40
3.33
3.90
4.98
1.74
2.73
3.44
10.47
9.01
9.58
6.87
6.52
5.24
6.22
8.94
7.82
2.13
8.57
2.11
2.46
12.74
9.77
7.50
2.61
1.68
77 keV
1254
1262
1246
1255
1254
1257
1250
1253
1249
1257
1239
1248
1244
1250
1217
1218
1217
1214
1224
1231
1255
1258
1244
1255
1241
1262
1204
1218
1241
1239
279 keV
931
925
926
949
946
946
942
942
938
958
946
948
948
936
952
956
938
960
969
982
972
968
959
985
971
949
962
959
997
972
Top
77 keV
1246
1239
1242
1231
1243
1232
1240
1242
1249
1247
1246
1247
1244
1232
1225
1215
1220
1223
1246
1241
1247
1249
1233
1236
1223
1215
1213
1228
1221
1221
Resin
279 keV
941
928
934
946
939
938
948
940
937
940
956
948
942
952
941
945
944
950
973
961
974
984
966
977
983
961
952
961
969
981
Bottom
77 keV
825
820
828
820
823
830
833
817
830
823
832
1437
830
835
849
833
837
845
847
864
1214
841
831
831
835
833
852
843
840
848
Resin
279 keV
628
628
629
629
626
634
626
629
633
633
637
628
635
627
658
656
654
655
657
654
920
662
656
665
661
641
629
638
659
664
Appendix D.2 (continued)
Hg Tracer Count Rate (cts/s)
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
219
H9Tracer Count Rate (cts/s)#
Flow Rate
(cc/min)
6.00
3.95
1.53
1.88
4.86
9.40
3.33
3.90
4.98
1.74
2.73
3.44
10.47
9.01
9.58
6.87
6.52
5.24
6.22
8.94
7.82
2.13
8.57
2.11
2.46
12.74
9.77
7.50
2.61
1.68
77
15.91
15.68
15.93
15.57
15.53
15.05
15.30
15.22
15.27
14.40
15.23
14.54
14.45
14.24
11.55
11.54
11.44
11.65
11.24
10.67
10.51
10.07
10.73
10.08
10.25
10.28
11.08
10.80
10.10
10.27
keV
±0.70
±0.70
±0.69
±0.70
±0.70
±0.70
±0.69
±0.70
±0.69
±0.70
±0.69
±0.69
±0.69
±0.69
±0.68
±0.68
±0.68
±0.67
±0.68
±0.68
±0.70
±0.70
±0.69
±0.70
±0.69
±0.70
±0.67
±0.68
±0.69
±0.69
77-Blank
7.80 ±0.81
7.57 ±0.81
7.82 ±0.80
7.46 ±0.81
7.42 ±0.81
6.94 ±0.81
7.19 ±0.80
7.11 ±0.81
7.16 ±0.80
6.29 ±0.81
7.12 ±0.80
6.43 ±0.80
6.34 ±0.80
6.13 ±0.80
3.44 ±0.79
3.43 ±0.79
3.33 ±0.79
3.54 ±0.78
3.13 ±0.79
2.56 ±0.79
2.40 ±0.81
1.96 ±0.81
2.62 ±0.80
1.97 ±0.81
2.14 ±0.80
2.17 ±0.81
2.97 ±0.78
2.69 ±0.79
1.99 ±0.80
2.16 ±0.80
279
5.57
5.92
5.06
4.97
5.02
4.99
5.10
5.22
5.23
4.85
5.10
4.85
4.91
5.36
5.04
4.59
5.36
4.40
5.01
4.57
4.44
5.21
5.18
4.32
5.14
4.82
4.31
4.73
3.80
4.87
keV
±0.52
±0.51
±0.51
±0.53
±0.53
±0.53
±0.52
±0.52
±0.52
±0.53
±0.53
±0.53
±0.53
±0.52
±0.53
±0.53
±0.52
±0.53
±0.54
±0.55
±0.54
±0.54
±0.53
±0.55
±0.54
±0.53
±0.53
±0.53
±0.55
±0.54
279-Blank
5.57 + 0.60
5.92 + 0.59
5.06 + 0.59
4.97 + 0.61
5.02 + 0.61
4.99 + 0.61
5.10 + 0.60
5.22 + 0.60
5.23 + 0.60
4.85 0.61
5.10 + 0.61
4.85 + 0.61
4.91 + 0.61
5.36 + 0.60
5.04 + 0.61
4.59 + 0.61
5.36 ± 0.60
4.40 ± 0.61
5.01 + 0.62
4.57 + 0.63
4.44 + 0.62
5.21 _ 0.62
5.18 + 0.61
4.32 ± 0.63
5.14 + 0.62
4.82 + 0.61
4.31 + 0.61
4.73 + 0.61
3.80 ± 0.63
4.87 + 0.62
Appendix D.2 (continued)
Top Resin Count Rate (cts/s)
220
Top Resin Count Rate tcts/s)#Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Flow Rate
(cc/min)
6.00
3.95
1.53
1.88
4.86
9.40
3.33
3.90
4.98
1.74
2.73
3.44
10.47
9.01
9.58
6.87
6.52
5.24
6.22
8.94
7.82
2.13
8.57
2.11
2.46
12.74
9.77
7.50
2.61
1.68
77
14.76
14.89
14.28
14.87
15.27
14.95
14.36
14.51
14.53
13.56
12.81
13.16
13.67
14.82
10.60
10.94
10.47
10.81
10.00
10.00
10.20
10.07
10.26
10.43
10.36
10.45
10.46
10.21
9.98
9.95
keV
±0.69
±0.69
±0.69
±0.68
±0.69
±0.68
±0.69
±0.69
±0.69
±0.69
±0.69
±0.69
±0.69
±0.68
±0.68
±0.67
±0.68
±0.68
±0.69
±0.69
±0.69
±0.69
±0.68
±0.69
±0.68
±0.68
±0.67
±0.68
±0.68
±0.68
77-Blank
6.65 ±0.80
6.78 ±0.80
6.17 ±0.80
6.76 ±0.79
7.16 ±0.80
6.84 ±0.79
6.25 ±0.80
6.40 ±0.80
6.42 ±0.80
5.45 ±0.80
4.70 ±0.80
5.05 ±0.80
5.56 ±0.80
6.71 ±0.79
2.49 ±0.79
2.83 ±0.78
2.36 ±0.79
2.70 ±0.79
1.89 ±0.80
1.89 ±0.80
2.09 ±0.80
1.96 ±0.80
2.15 ±0.79
2.32 ±0.80
2.25 ±0.79
2.34 ±0.79
2.35 ±0.78
2.10 ±0.79
1.87 ±0.79
1.84 ±0.79
279
4.28
4.64
4.51
4.10
4.68
4.38
4.19
4.56
5.04
4.54
3.70
4.30
5.07
4.74
4.78
4.37
4.05
4.21
4.22
4.56
4.31
3.72
3.44
4.04
4.21
4.02
4.53
3.75
4.20
3.76
keV
+0.52
±0.52
±0.52
±0.53
±0.52
±0.52
+0.53
+0.52
±0.52
±0.52
±0.53
+0.53
+0.52
±0.53
+0.52
+0.53
+0.52
+0.53
±0.54
±0.53
±0.54
±0.55
+0.54
±0.54
±0.55
±0.53
±0.53
±0.53
±0.54
±0.55
279-Blank
4.28 + 0.60
4.64 + 0.60
4.51 + 0.60
4.10 ± 0.61
4.68 ± 0.60
4.38 + 0.60
4.19 +0.61
4.56 ± 0.60
5.04 ± 0.60
4.54 + 0.60
3.70 ± 0.61
4.30 ± 0.61
5.07 ± 0.60
4.74 + 0.61
4.78 + 0.60
4.37 ± 0.61
4.05 + 0.60
4.21 + 0.61
4.22 ± 0.62
4.56 + 0.61
4.31 +0.62
3.72 + 0.63
3.44 + 0.62
4.04 ± 0.62
4.21 ± 0.63
4.02 ± 0.61
4.53 ± 0.61
3.75 ± 0.61
4.20 ± 0.62
3.76 ± 0.63
Appendix D.2 (continued)
Bottom Resin Count Rate (cts/s)
77-Blank#Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Flow Rate
(cc/min)
6.00
3.95
1.53
1.88
4.86
9.40
3.33
3.90
4.98
1.74
2.73
3.44
10.47
9.01
9.58
6.87
6.52
5.24
6.22
8.94
7.82
2.13
8.57
2.11
2.46
12.74
9.77
7.50
2.61
1.68
77
8.69
8.97
8.04
8.51
8.78
8.23
8.01
8.95
8.46
8.82
8.66
8.36
8.89
7.98
7.75
9.48
8.45
7.83
8.47
7.55
8.27
8.46
8.48
8.23
7.75
8.14
7.98
8.44
8.26
8.36
221
keV
±0.92
±0.91
±0.92
±0.91
±0.91
±0.92
±0.93
±0.91
±0.92
±0.91
±0.92
±1.60
±0.92
±0.93
±0.94
±0.93
±0.93
±0.94
±0.94
±0.96
±1.35
±0.93
±0.92
±0.92
±0.93
±0.93
±0.95
±0.94
±0.93
±0.94
0.58
0.86
-0.07
0.40
0.67
0.12
-0.10
0.84
0.35
0.71
0.55
0.25
0.78
-0.13
-0.36
1.37
0.34
-0.28
0.36
-0.56
0.16
0.35
0.37
0.12
-0.36
0.03
-0.13
0.33
0.15
0.25
±1.03
±+1.02
±1.03
±1.02
±1.02
±1.03
±1.04
±1.02
±1.03
±1.02
±1.03
±1.71
±1.03
±1.04
±1.05
±1.04
±1.04
±+1.05
±1.05
±1.07
±1.46
±1.04
±1.03
±1.03
±1.04
±1.04
±1.06
±1.05
±1.04
±1.05
279
0.00
0.00
0.00
0.00
0.31
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.41
0.00
0.00
0.00
keV
±0.70
±0.70
±0.70
±0.70
±0.70
±0.70
±0.70
±0.70
±0.70
±0.70
±0.71
±0.70
±0.71
±0.70
±0.73
±0.73
±0.73
±0.73
±0.73
±0.73
±1.02
±0.74
±0.73
±0.74
±0.73
±0.71
±0.70
±0.71
±0.73
±0.74
279-Blank
0.00 + 0.78
0.00 ± 0.78
0.00 ± 0.78
0.00 ± 0.78
0.31 + 0.78
0.00 ± 0.78
0.00 + 0.78
0.00 + 0.78
0.00 ± 0.78
0.00 + 0.78
0.00 + 0.79
0.00 ± 0.78
0.00 + 0.79
0.00 ± 0.78
0.00 + 0.81
0.00 + 0.81
0.00 + 0.81
0.00 ± 0.81
0.00 + 0.81
0.00 ± 0.81
0.00 + 1.10
0.00 ± 0.82
0.00 + 0.81
0.00 ± 0.82
0.00 ± 0.81
0.00 ± 0.79
0.41 ± 0.78
0.00 ± 0.79
0.00 ± 0.81
0.00 ± 0.82
Appendix D.2 (continued)
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
222
Flow Rate
# (cc/min)
6.00
3.95
1.53
1.88
4.86
9.40
3.33
3.90
4.98
1.74
2.73
3.44
10.47
9.01
9.58
6.87
6.52
5.24
6.22
8.94
7.82
2.13
8.57
2.11
2.46
12.74
9.77
7.50
2.61
1.68
Top Resin
Elapse Time
(hr:min)
0:52
1:15
2:12
2:11
1:03
0:47
1:08
1:34
1:03
1:39
1:45
1:04
1:04
1:04
1:05
1:04
1:06
1:04
1:08
1:02
0:48
1:35
2:25
2:24
1:25
0:39
1:02
1:40
1:27
1:54
Bottom Resin
Elapse Time
(hr:min)
6:57
6:30
6:03
5:14
3:51
2:33
3:14
2:53
2:30
6:51
6:08
5:12
3:51
3:36
6:37
6:27
5:07
4:49
3:21
3:01
9:08
6:03
5:48
5:32
2:48
2:12
2:25
0:53
3:22
3:01
Top Resin
Elapse Time
(d)
0.036
0.052
0.092
0.091
0.044
0.033
0.047
0.065
0.044
0.069
0.073
0.044
0.044
0.044
0.045
0.044
0.046
0.044
0.047
0.043
0.033
0.066
0.101
0.100
0.059
0.027
0.043
0.069
0.060
0.079
Bottom Resin
Elapse Time
(d)
0.290
0.271
0.252
0.218
0.160
0.106
0.135
0.120
0.104
0.285
0.256
0.217
0.160
0.150
0.276
0.269
0.213
0.201
0.140
0.126
0.381
0.252
0.242
0.231
0.117
0.092
0.101
0.037
0.140
0.126
D.3 By Different Preconcentration
Sample #
1A
1B
1C
1D
2A
2B
2C
2D
3A
3B
3C
3D
Material
Resin
Charcoal
Gold
Silver
Resin
Charcoal
Gold
Silver
Resin
Charcoal
Gold
Silver
Hg T
77 keV
160826
160826
160826
160826
161181
161181
161181
161181
157032
158248
163132
164742
racer
279 keV
78888
78888
78888
78888
78292
78292
78292
78292
77425
77976
76849
76960
Methods
Integral Count
Top
77 keV
150840
149630
151701
151594
151900
151402
151193
151228
157898
155521
164450
162819
Resin
279 keV
59377
57603
60681
58687
56345
55527
58190
59065
73775
65379
75202
75532
Bottom
77 keV
37530
152237
150612
151492
37878
37667
37850
38115
38524
154112
38854
38835
Area Count
Hg Tracer Top Resin Bottom Resin
Sample # Material 77 keV 279 keV 77 keV 279 keV 77 keV 279 keV
1A Resin 35006 17708 29407 1257 7612 0
1B Charcoal 35006 17708 29202 0 29102 0
1C Gold 35006 17708 31326 1151 30334 0
1D Silver 35006 17708 29081 0 29362 0
2A Resin 33831 17262 28960 0 7600 0
2B Charcoal 33831 17262 30697 7 7547 0
2C Gold 33831 17262 29265 80. 7032 0
2D Silver 33831 17262 27350 1935 6885 0
3A J Resin 32299 16365 33533 14655 7151 0
3B Charcoal 34325 18846 29678 9189 28457 1348
3C Gold 31507 15019 28872 13372 7316 0
3D Silver 29397 14560 28681 13662 7305 0
223
Resin
279 keV
14179
56367
55327
55782
13575
13748
13558
13802
13481
57228
14808
14965
II
II
II
Appendix D.3 (continued)
Background Count per Channel
Tracer
279 keV
1037
1037
1037
1037
1034
1034
1034
1034
1035
1002
1048
1058
Top
77 keV
2760
2737
2736
2784
2794
2743
2771
2815
2826
2860
3081
3049
Resin
279 keV
985
976
1009
995
955
941
985
968
1002
952
1048
1049
Area Count Standard Deviation
Hg Tracer Top Resin Bottom Resin
Sample # Material 77 keV 279 keV 77 keV 279 keV 77 keV 279 keV
1A Resin 1711 1372 1680 1332 834 658
1B Charcoal 1711 1372 1673 1325 1692 1311
1C Gold 1711 1372 1673 1348 1672 1299
1D Silver 1711 1372 1687 1338 1685 1304
2A Resin 1721 1371 1690 1311 839 643
2B Charcoal 1721 1371 1675 1301 837 648
2C Gold 1721 1371 1683 1331 846 643
2D Silver 1721 1371 1696 1321 852 649
3A 7 Resin 1703 1371 1701 1348 854 641
3B Charcoal 1698 1350 1710 1313 1708 1306
3C Gold 1749 1379 1774 1378 856 672
3D Silver 1773 1385 1765 1379 856 676
224
Sample #
1A
1B
1C
1D
2A
2B
2C
2D
3A
3B
3C
3D
Material
Resin
Charcoal
Gold
Silver
Resin
Charcoal
Gold
Silver
Resin
Charcoal
Gold
Silver
Hg
77 keV
2860
2860
2860
2860
2894
2894
2894
2894
2835
2816
2991
3076
Bottom
77 keV
680
2799
2734
2776
688
685
700
710
713
2856
717
717
Resin
279 keV
240
955
938
945
230
233
230
234
228
947
251
254
I
Appendix D.3 (continued)
Hg Tracer Count Rate (cts/s)
Sample # Material 77 keV 77-Blank 279 keV 279-Blank
1A Resin 9.72 + 0.48 1.61 ± 0.59 4.92 + 0.38 4.92 + 0.46
1B Charcoal 9.72 + 0.48 1.61 ± 0.59 4.92 + 0.38 4.92 + 0.46
1C Gold 9.72 ± 0.48 1.61 ±0.59 4.92 +0.38 4.92 +0.46
1D Silver 9.72 ± 0.48 1.61 +0.59 4.92 +0.38 4.92 +0.46
2A Resin 9.40 ± 0.48 1.29 + 0.59 4.80 ± 0.38 4.80 + 0.46
2B Charcoal 9.40 + 0.48 1.29 + 0.59 4.80 + 0.38 4.80 + 0.46
2C Gold 9.40 + 0.48 1.29 +0.59 4.80 + 0.38 4.80 + 0.46
2D Silver 9.40 + 0.48 1.29 + 0.59 4.80 ± 0.38 4.80 + 0.46
3A Resin 8.97 ± 0.47 0.86 + 0.58 4.55 + 0.38 4.55 + 0.46
3B Charcoal 9.53 ± 0.47 1.42 + 0.58 5.24 ± 0.37 5.24 + 0.45
3C Gold 8.75 ± 0.49 0.64 + 0.60 4.17 + 0.38 4.17 + 0.46
3D Silver 8.17 + 0.49 0.06 ± 0.60 4.04 ±0.38 4.04 +0.46
Top Resin Count Rate (cts/s)
Sample # Material 77 keV 77-Blank 279 keV 279-Blank
1A Resin 8.17 ± 0.47 0.06 +0.58 0.35 0.37 0.35 ±0.45
1B Charcoal 8.11 ± 0.46 0.00 + 0.57 0.00 + 0.37 0.00 ± 0.45
iC Gold 8.70 + 0.46 0.59 + 0.57 0.32 ± 0.37 0.32 ± 0.45
1D Silver 8.08 ± 0.47 -0.03 + 0.58 0.00 + 0.37 0.00 ± 0.45
2A Resin 8.04 ± 0.47 -0.07 + 0.58 0.00 ± 0.36 0.00 + 0.44
2B Charcoal 8.53 ± 0.47 0.42 ± 0.58 0.00 + 0.36 0.00 + 0.44
2C Gold 8.13 ± 0.47 0.02 + 0.58 0.02 + 0.37 0.02 ± 0.45
2D Silver 7.60 ±0.47 -0.51 +0.58 0.54 +0.37 0.54 0.45
3A Resin 9.31 ±+0.47 1.20 0.58 4.07 ±+0.37 4.07 0.45
3B Charcoal 8.24 ± 0.47 0.13 0.58 2.55 +0.36 2.55 +0.44
3C - Gold 8.02 ± 0.49 -0.09 +0.60 3.71 +0.38 3.71 +0.46
3D Silver 7.97 ± 0.49 -0.14 ± 0.60 3.80 +0.38 3.80 ± 0.46
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Appendix D.3 (continued)
Bottom Resin Count Rate (cts/s)
Sample # Material 77 keV 77-Blank 279 keV 279-Blank
1A Resin 8.46 + 0.93 0.35 ± 1.04 0.00 + 0.73 4.92 + 0.81
1B Charcoal 8.08 ± 1.88 -0.03 ± 1.99 0.00 ± 0.36 4.92 ± 0.44
1C Gold 8.43 ± 1.86 0.32 ± 1.97 0.00 ± 0.36 4.92 ± 0.44
1D Silver 8.16 ± 1.87 0.05 ± 1.98 0.00 ± 0.36 4.92 ± 0.44
2A Resin 8.44 ± 0.93 0.33 ± 1.04 0.00 ± 0.71 4.80 ± 0.79
2B Charcoal 8.39 ± 0.93 0.28 ± 1.04 0.00 ± 0.72 4.80 ± 0.80
2C Gold 7.81 ± 0.94 -0.30 ± 1.05 0.00 ± 0.71 4.80 ± 0.79
2D Silver 7.65 ± 0.95 -0.46 ± 1.06 0.00 ± 0.72 4.80 ± 0.80
3A Resin 7.95 ± 0.95 -0.16 ± 1.06 0.00 ± 0.71 4.55 ± 0.79
3B Charcoal 7.90 ± 1.90 -0.21 ± 2.01 0.37 ± 0.36 5.24 ± 0.44
3C Gold 8.13 ± 0.95 0.02 + 1.06 0.00 ± 0.75 4.17 ± 0.83
3D Silver 8.12 + 0.95 0.01 ± 1.06 0.00 ± 0.75 4.04 + 0.83
Top Material Bottom Material Top Material Bottom Material
Flow Rate Elapse Time Elapse Time Elapse Time Elapse Time
Sample # Material (cc/min) (hr:min) (hr:min) (d) (d)
1A Resin 10.68 1:34 3:37 0.065 0.151
18B Charcoal 8.05 2:35 15:37 0.108 0.651
1C Gold 5.63 3:55 5:58 0.163 0.249
1D Silver 5.73 4:57 17:46 0.206 0.740
2A Resin 6.70 5:51 7:10 0.244 0.299
2B Charcoal 4.34 4:37 7:28 0.192 0.311
2C Gold 5.42 3:18 7:44 0.138 0.322
2D Silver 5.32 2:16 4:20 0.094 0.181
3A Resin 6.28 2:25 5:33 0.101 0.231
3B - Charcoal 4.34 2:02 3:07 0.085 0.130
3C Gold 5.17 2:16 4:33 0.094 0.190
3D Silver 6.43 2:17 3:38 0.095 0.151
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c,
